
https://doi.org/10.4233/uuid:9f4f569c-1dd5-4ef1-9e5e-85fb479f069d
https://doi.org/10.4233/uuid:9f4f569c-1dd5-4ef1-9e5e-85fb479f069d




 
 
 
 
 
 
 
 
 
 
 
 

Simulating industrial symbiosis 
 

Understanding and shaping circular business models for viable and robust industrial 
symbiosis networks through collaborative modelling and simulation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Kasper Pieter Hendrik LANGE 
 

  



 
 

  



 
 
 
 
 
 
 
 
 
 
 
 

Simulating industrial symbiosis 
 

Understanding and shaping circular business models for viable and robust industrial 
symbiosis networks through collaborative modelling and simulation 

 
 
 

Dissertation 
 

for the purpose of obtaining the degree of doctor 
at Delft University of Technology 

by the authority of the Rector Magnificus, Prof.dr.ir T.H.J.J. van der Hagen 
chair of the Board for Doctorates 

to be defended publicly on 
Friday, 1 July 2022 at 10.00 o’clock. 

 
 

By 
 

Kasper Pieter Hendrik LANGE 
 

Master of Science in Industrial Design Engineering, 
Delft University of Technology, the Netherlands 

Born in Heemskerk, the Netherlands 
 
 
  



 
 

This dissertation has been approved by the promotors. 
 
Composition of the doctoral committee: 
Rector Magnificus   chairperson 
Prof. dr. ir. P.M. Herder Delft University of Technology, promotor 
Dr.ir. G. Korevaar  Delft University of Technology, copromotor 
 
Independent members: 
Prof. dr. P. Osseweijer Delft University of Technology 
Prof. dr. M.E. Warnier Delft University of Technology 
Prof. dr. R. Wever  Linköping University, Sweden 
Prof. dr. F. Lüdeke-Freund  ESCP Berlin, Germany 
Prof. dr. ir. Z. Lukszo   Delft University of Technology, reserve member 
 
Other member: 
Dr.ir. I.F. Oskam  Amsterdam University of Applied Sciences 
Dr.ir. I.F. Oskam contributed significantly to the realisation of the dissertation as a supervisor. 

   
Key words: circular economy, industrial symbiosis, circular business models, 

collaborative modelling and simulation, agent-based modelling, 
game-based learning. 

 
Printed by: Gildeprint - Enschede 
Cover design by: Winnie Valkhoff 
 
 
This dissertation was funded by: 
 

      
 
Copyright © 2022 by K.P.H. Lange. 
 
ISBN/EAN: 978-94-6366-566-7 (printed version) / 978-94-6366-567-4 (online version). 
 
This dissertation and accompanying appendices are available at: http://repository.tudelft.nl/. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Voor Liewe en Jelte 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

“We are will and wonder” 
 
 

Tool - Pneuma*

 
 
 
 

 
 
 

  

 
* Jones, A, Carey, D., Chancellor, J., & Keenan, M. (2019). Text fragment from Pneuma [Song]. On: Fear Inoculum performed by 
Tool. BMG Rights Management. This text fragment was used with permission from the authors. 



Acknowledgements 
 

vii 
 

Acknowledgements 

For my entire life, I have wanted to become both a scientist and an engineer. When I was six 
years old, I was fond of Carl Barks' and Walt Disney's stories of Gyro Gearloose, the absent-
minded inventor whose machines always caused more trouble than relief. After high school, I 
decided to become an engineer and study at Delft University of Technology, graduating with 
a master's degree in Industrial Design Engineering. During my study, I increasingly became 
aware of grains of truth in the tales of Gyro. Although technologies can solve problems and 
increase users' comfort and well-being, these may cause undesirable environmental or social 
side effects.  
 
At the time in the late 1990s, sustainability was not high on the global agenda of industries. 
Nevertheless, my professors and lecturers already taught Design for Sustainability, pushing 
students to think about ways to decrease environmental impact and enhance well-being while 
creating a viable business. After graduating, when I worked as an R&D engineer for the 
manufacturing industry, I found projects involving the recovery of materials and energy the 
most exciting. However, I also felt that we needed to make more effort to protect our habitat. 
I discussed this with many friends whom I had met in Delft. Some of them had already started 
and even finished a PhD journey, and they inspired me to pursue this challenge. So when I 
came across a vacancy for a researcher at the CleanTech Research Programme at the 
Amsterdam University of Applied Sciences (AUAS), I decided to devote my career to 
sustainable systems engineering research and education. Here we are now, at the end of a 
very inspiring and challenging PhD journey! 
 
The completion of this dissertation would not have been possible without the help of many 
people, whom I would like to thank sincerely. First, I am highly grateful to my promotors for 
their supervision.  
 
Paulien, when I entered TPM, you were head of the ESS department. I am sure that you 
contributed to creating a friendly vibe in this department; it felt like a warm bath to me. Your 
coaching style inspires (PhD) students and teachers tremendously: constructive, sharp and 
friendly. I admire how you managed to provide quick and helpful feedback in your busy 
schedule; in a light-hearted manner to comfort me when I experienced time pressure but 
challenging when necessary.  
 
Gijsbert, I am lucky to have found you when I started the PhD journey; your supervision has 
been amazing. You let me see things from different angles, enriching the thinking process and 
helping me out when I felt lost. I always looked forward to our weekly meetings, in which your 
calm and intelligent feedback exactly provided what I needed to make progress. Thanks for 
being a good listener, especially when I complained about the lack of time in a week.  
 
Inge, thank you so much for everything you have done to make this journey possible. First of 
all, thanks for hiring me and allowing me to start this PhD research project at AUAS. Endless 
thanks for your highly valuable and sharp supervision. Our sometimes fierce but constructive 
discussions helped me grow as a researcher. I owe you much gratitude for all the freedom and 
patience you gave me during the PhD journey.  
 



Acknowledgements 
 

viii 
 

To the independent members of the doctoral committee, thank you very much for your time 
and efforts. 
 
I am very grateful to my employer, the Amsterdam University of Applied Sciences, particularly 
Urban Technology, for granting me the time and freedom to study my favourite topics. Thanks, 
Katrien, Pieter, Marion, Dick, Jeroen, Marcel, Andrea, Felia, Anna, Lysanne, Patricia, and Gieta, 
for your various efforts, facilitating me in completing this PhD journey. I am very grateful to 
my co-researchers in the SIA RAAK-mkb projects Re-Organise and Re-Store. A special thanks 
to my former fellow student, colleague and paranymph Maarten for being a great project 
manager and sparring partner during the project. Furthermore, special thanks to Janne, 
Yannick, Marco, Jan-Willem, Michiel, Simon, Tony, Yanti, Erik and Krispijn for your various 
contributions to the research activities, discussions and highly valuable inputs. Also, great 
thanks to the partners and participants in our project's case studies at Tuinen van West, 
NoordOogst, NDSM Werf, and Haven-Stad, particularly to Han, Chandar, Lara, Cilian, Ron, 
Txell, Ben, Simone, Bart-Jan, Keijen, Anita, Arjen, and Karlijn. Thanks to all lecturers, interns, 
and graduate students at AUAS for your contributions to the project. Without your input, I 
would not have been able to complete the PhD as it is now. I am also grateful to my colleagues 
at the Faculty of Technology, particularly the engineering and the master’s development 
teams, for allowing me to grow as an educator and education developer. Thanks for your 
patience when I had to work on the PhD project. To my fellow PhD-candidates at AUAS, Jurjen, 
Sander, Rick, and Mylène: I owe you much gratitude for being there, joking around, sharing 
experiences and offering tips to make PhD life easier. 
 
I am sincerely grateful to the Faculty of Technology, Policy and Management at Delft 
University of Technology. A very warm thanks go out to the entire E&I section, beginning with 
my roommates. Roommate and paranymph Tristan, we started our PhD journey on the same 
day in the same room. I am immensely grateful to you for introducing me to the faculty, for 
the inspiring talks about complexity and ABMs, and for making the planet great again. Özge, I 
tremendously appreciated your presence. I remember our cheerful coffee breaks and drinks, 
in which we could laugh about silly jokes. Sina, I have always enjoyed your presence and crazy 
and funny jokes; too bad most of our roomie time was during the pandemic. To Svenja and 
Abdallah, thank you for your hospitality and kindness. Shantanu, thanks for your help during 
data analysis and for sharing your interest in SciFi. May the force be with you. To all other 
fellow PhDs, postdocs and beyond - Javanshir, Arthur, Na, Graciela, Shiva, Molood, George, 
Jonathan, Jessie, Samantha, Roman, Brendon, Annika, Deirdre, Amit, Longjian, Ni, Hanxin, 
Jorge, Joao, Kaveri, Esther, Yeshambel, Binot, Reinier, Ben, Rijk, Fernando, Vito, Frank, and 
everyone I forgot - thank you for the help, inspiration and all the great memories! A special 
thanks go out to Igor for his great support during agent-based modelling, simulation and 
article writing. Thanks to Martijn, Laurens, Amineh, Rolf, Els and Lauran for supporting the 
supervision of MSc. students at TPM or Industrial Ecology; you helped me grow as a coach and 
researcher. Much appreciation goes out to Diones, Priscilla, and Laura for their very important 
and amazing support and helps in the organisation. Thanks to my MSc. students for providing 
me with research input and allowing me to grow as a supervisor. In particular, I owe Sabine 
immense gratitude for her inspiring graduation work, interesting discussions and neverending 
ambition, which helped me during my modelling process.  
 



Acknowledgements 
 

ix 
 

Many thanks to all my friends for supporting me and providing moments of distraction 
required to organise the mind. In the light of this dissertation, I would like to give some of 
them extra recognition. Gerardo, you are a true Uomo Universale. Thanks for showing me that 
everything is possible in life whenever you are willing to go for it. Thank you, Philip, for offering 
inspiration, suggestions, and support in pursuing a career that fits my personal goals and 
values. Muchos gracias, Luc, for the musical inspiration you brought into my life, which helped 
me push the envelope and overcome challenges over the years. Furthermore, I would like to 
thank Berd-Jan and Priscilla† for being great PhD and teaching role models. Thanks to all band 
members for providing me with all that great music that has enhanced my life throughout the 
years.  
 
Ik wil mijn enorme dankbaarheid betuigen aan mijn ouders, Siebert en Titia, voor het 
stimuleren van een brede belangstelling en nieuwsgierigheid, van theoretische natuurkunde 
tot kunstgeschiedenis, van musiceren tot lesgeven. Het is fantastisch om te zien hoe jullie dit 
opnieuw doorgeven aan de kleinkinderen, die dit altijd zeer waarderen. Jullie liefde en steun 
zijn het fundament waarop deze promotie gebouwd is. Dank ook aan mijn broers, Rogier en 
Laurens, hun partners en aan Jens en Jasmijn. Bedankt voor jullie steun, levendige discussies, 
opgewektheid en het feit dat jullie er altijd zijn. Ik wil de families Valkhoff en Leurs, Robert, 
Doke, Vera, Ton, Donja, Edwin, Anneke, Matt, en kinderen hartelijk danken voor hun warme 
welkom, voortdurende belangstelling en ondersteuning. Liefste Winnie, ik ben blij dat je er 
bent. Bedankt voor je luisterend oor en voor je geduld wanneer ik letterlijk of figuurlijk afwezig 
was vanwege het promotieonderzoek. Liefste Liewe en Jelte, dit boek is voor jullie. Bedankt 
voor het feit dat jullie de zonnetjes in mijn leven zijn.  
 
Kasper Lange 
Leiden, May 2022 
  



Acknowledgements 
 

x 
 

 

 



Table of contents 

xi 

Table of contents 

ACKNOWLEDGEMENTS ..................................................................................................... VII 

TABLE OF CONTENTS .......................................................................................................... XI 

LIST OF TABLES ................................................................................................................ XIII 

LIST OF FIGURES ................................................................................................................ XV 

GLOSSARY ....................................................................................................................... XVII 

LIST OF ACRONYMS ......................................................................................................... XIX 

SAMENVATTING ............................................................................................................. XXII 

SUMMARY .................................................................................................................... XXVII 

1 INTRODUCTION ............................................................................................................ 1 

1.1 BACKGROUND ................................................................................................................ 3 
1.2 RESEARCH OBJECTIVES AND QUESTIONS ................................................................................ 8 
1.3 RESEARCH DESIGN ......................................................................................................... 11 
1.4 ANALYSIS .................................................................................................................... 16 
1.5 DISSERTATION STRUCTURE .............................................................................................. 17 

2  STUDY 1 - DEVELOPING AND UNDERSTANDING DESIGN INTERVENTIONS IN 
RELATION TO INDUSTRIAL SYMBIOSIS DYNAMICS ............................................................ 19 

2.1 INTRODUCTION ............................................................................................................. 21 
2.2 SUANS, COMPLEXITY AND DESIGN INTERVENTIONS ............................................................. 22 
2.3 DESIGN SCIENCE, MODELLING AND STAKEHOLDER PARTICIPATION ........................................... 24 
2.4 CONCEPTUAL DESIGN SCIENCE RESEARCH METHOD DEVELOPMENT ............................................ 26 
2.5 CASE STUDY ................................................................................................................. 29 
2.6 CONCLUDING REMARKS .................................................................................................. 32 

3  STUDY 2 - ACTOR BEHAVIOUR AND ROBUSTNESS OF INDUSTRIAL SYMBIOSIS 
NETWORKS: AN AGENT-BASED APPROACH ................................................................ 33 

3.1 INTRODUCTION ............................................................................................................. 35 
3.2 BACKGROUND .............................................................................................................. 35 
3.3 CONCEPTUALISING A MODEL USING CASE STUDIES ............................................................... 37 
3.4 MODEL ....................................................................................................................... 38 
3.5 SIMULATION EXPERIMENTS ............................................................................................. 47 
3.6 RESULTS ...................................................................................................................... 52 
3.7 DISCUSSION, CONCLUSIONS AND FUTURE WORK ................................................................. 56 

4  STUDY 3 - AGENT-BASED MODELLING AND SIMULATION FOR CIRCULAR BUSINESS 
MODEL EXPERIMENTATION ....................................................................................... 61 

4.1 INTRODUCTION ............................................................................................................. 63 
4.2 BACKGROUND .............................................................................................................. 63 
4.3 PROPOSED ITERATIVE CBM EXPERIMENTATION METHOD AND APPLICATION TO AN ILLUSTRATIVE

CASE ........................................................................................................................... 66 
4.4 EXPLORATIVE AND ITERATIVE CBM EXPERIMENTATION AND ANALYSIS ....................................... 77 
4.5 DISCUSSION ................................................................................................................. 80 







 

xiv 
 

 





List of figures 
 

xvi 
 

AREAS RESPECTIVELY REPRESENT THE POLYNOMIAL REGRESSION OF THE AVERAGE AND STANDARD 
DEVIATION. ......................................................................................................................... 78 

FIGURE 4-7 CORRELATION BETWEEN MODERATING CONTEXT AND BEHAVIOUR VARIABLES AND CBM 
VIABILITY IN BOTH SCENARIOS. ................................................................................................. 79 

FIGURE 5-1 AN IMPRESSION OF RE-ORGANISE. THE GAME CONSISTS OF A BOARD, TECHNOLOGY AND ROLE 
PAWNS, CONNECTION RIBBONS AND PLAY CARDS (REPRESENTING NECESSITIES, WASTE STREAMS AND 
OTHER ASSETS). ................................................................................................................... 91 

FIGURE 5-2 RE-ORGANISE GAME PROCESS. ....................................................................................... 92 
FIGURE 5-3 DIFFERENCE BETWEEN PRE-TEST AND POST-TEST CBMC ANSWERS. THE QUESTIONS USED IN 

THE CBMC ASSIGNMENTS CAN BE FOUND IN APPENDIX E. VISUALISATION PREPARED BY OUR 
STUDENTS (MOOIJ ET AL., 2020). ........................................................................................... 99 

FIGURE 5-4 PERCENTAGE OF STUDENTS USING EACH CARD TERM IN BOTH SUBMITTED CBMCS. STANDARD 
TUKEY BOXPLOT REPRESENTATION. ......................................................................................... 100 

FIGURE 5-5 DIFFERENCE BETWEEN PRE-TEST AND POST-TEST REFLECTION ANSWERS. THE QUESTIONS CAN 
BE FOUND IN APPENDIX E; EACH INVOLVES ONE QUESTION PER LEARNING CATEGORY (DEE FINK, 
2013). STUDENTS PREPARED THIS VISUALISATION (MOOIJ ET AL., 2020). ...................................... 101 

FIGURE 5-6 POLARITY SCORE DIFFERENCE OF STUDENT ANSWERS TO THE REFLECTION QUESTIONS. 
STANDARD TUKEY BOXPLOT REPRESENTATION. THE QUESTIONS CAN BE FOUND IN APPENDIX E. ........... 102 

FIGURE 5-7 SENTIMENT CLOUD OF THE TERMS USED IN THE LEARNING CATEGORY "HUMAN DIMENSION". 
SOURCE: SUBMITTED REFLECTIONS OF THE GAME GROUP (LANGE, 2019A). .................................... 102 

FIGURE 6-1 CONTRIBUTION OF STUDY 1 TO ANSWERING RESEARCH QUESTION RQ1. ................................ 111 
FIGURE 6-2 CONTRIBUTION OF STUDIES 1 AND 2 TO ANSWERING RESEARCH QUESTION RQ2. .................... 112 
FIGURE 6-3 CONTRIBUTIONS OF STUDIES 1 TO 3 TO ANSWERING RESEARCH QUESTION RQ3. ..................... 114 
FIGURE 6-4 CONTRIBUTION OF THE FOUR STUDIES TO ANSWERING RESEARCH QUESTION RQ4. ................... 116 
FIGURE 6-5 THEORETICAL CONTRIBUTIONS OF THE RESEARCH. ............................................................. 118 
 
 



Glossary 
 

xvii 
 

Glossary 

Agent-based model A computational model for simulating the effects 
of actions and interactions of individual agents on 
a complex adaptive system. 

Business model A description of a firm’s organisational and 
economical design, providing insights into how 
companies create, deliver and capture value. 

Circular business model Specific class of (sustainable) business models, 
aiming to create economic, environmental and 
social value according to the principles of the 
circular economy, often transcending internal 
business functions across supply chains and even 
industries. 

Circular business model innovation The process of redesigning linear business models 
into circular business models to create, deliver 
and capture value through slowing down resource 
flows and closing and narrowing loops. 

Circular economy An economic and industrial system based on the 
reuse and recycling of products and materials and 
the recovery capacity of natural resources. 

Collaborative modelling methods Modelling methods facilitating the Iterative 
collaboration among modeller(s) and 
stakeholders to create, calibrate, validate and use 
models. 

Competencies Combinations of applied knowledge, skills and 
attitudes. 

Complex adaptive systems Dynamic systems of elements that interact, which 
outcomes are not determined by single causes 
but by a combination of multiple factors that may 
reinforce or neutralize each other. 

Complex adaptive socio-technical systems “Systems composed of two deeply 
interconnected subsystems: a social network of 
actors and a physical network of technical 
artefacts” (Dijkema et al., 2015). 

Design Interventions The systematic set of technological and non-
technological activities intending to impose a 
change from the existing to the desired situation. 

Design science research “Science that seeks to consolidate knowledge 
about the design and development of solutions, 
to improve existing systems, solve problems and 
create new artefacts” (Dresch et al., 2015, p. 15). 
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Eco-industrial park (EIP) A geographical area containing several industrial 
symbiosis instances that allow energy and 
material exchanges amongst the different 
industrial enterprises to improve the actor’s 
economic and environmental performances 
(Kuznetsova & Zio, 2016).  

Game-based learning Learning during and from serious gameplay. 
Industrial symbiosis  [1] Collaboration between traditionally separate 

but geographically proximate economic and 
industrial agents, contributing to closing material, 
water, and energy cycles; or; [2] scientific field 
studying the phenomenon of industrial symbiosis. 

Industrial symbiosis network “A collection of long-term, symbiotic relationships 
between and among regional activities involving 
physical exchanges of materials and energy 
carriers and the exchange of knowledge, human 
or technical resources, concurrently providing 
environmental and competitive benefits” (Mirata 
& Emtairah, 2005). 

Linear economy An economic system in which resources are 
extracted, turned into products, and the products 
are discarded. 

Participatory modelling methods See collaborative modelling methods. 
  

Serious games A class of games enabling players to experience 
situations in a virtual world, aiming to have a 
positive and meaningful impact on skills 
development. Serious games are often used to 
solve complex problems in collaborative settings. 

Sustainable business model A specific class of business models aiming to 
create economic, environmental, and social 
value. 

Symbiotic urban agriculture network  A specific class of Industrial symbiosis Networks in 
the context of Urban Agriculture. 

Urban agriculture An agricultural industry located within (intra-
urban) or on the fringe (peri-urban) of a town, a 
city or a metropolis, which grows or raises, 
processes and distributes a diversity of food and 
non-food products. The companies involved reuse 
resources, products, and services locally in the 
area.  
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BM Business model 
CAS Complex adaptive systems 
CB  Current batch 
CBM Circular business model 
CE Circular economy 
CIMO Context, interventions, mechanisms, and outcomes 
DSR Design science research 
EIP Eco-industrial park 
IE Industrial ecology 
IS Industrial symbiosis 
ISN Industrial symbiosis network 
SUAN Symbiotic urban agriculture network 
UA Urban Agriculture 
WI Waste incinerator 
WP Waste processor 
WS Waste supplier 
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een nieuw model ontwikkeld, getest en gesimuleerd met deelnemers aan casestudies. Dit 
model simuleert een symbiose tussen GFT-leveranciers en een afvalverwerker met een 
anaerobe vergistingsinstallatie. Het nieuwe model werd vervolgens gebruikt om een ex-ante 
experimenteermethode te ontwikkelen en te valideren die systematisch de belangrijkste 
dimensies van bedrijfsmodellen dekt: de waardepropositie, de waardecreatie en -levering, en 
de waardevangst. We hebben simulaties gebruikt om te illustreren hoe circulaire 
bedrijfsmodelontwerpen zo gevormd kunnen worden, dat de opgebrachte waarde en het 
overlevingspercentage van het netwerk toenemen. Stakeholders kunnen de methode 
gebruiken om concrete voorstellen te doen om het circulaire businessmodel op individueel en 
gezamenlijk niveau te verbeteren. 
 
De vierde studie toont aan hoe game-based learning kan helpen om huidige en toekomstige 
professionals te leren businessmodellen voor industriële symbiosenetwerken te ontwerpen. 
De business game, die voortkwam uit ons tweede onderzoek, werd iteratief doorontwikkeld 
tot een nieuwe educatieve game, inclusief les- en beoordelingsmateriaal. Vervolgens hebben 
we dit onderwijspakket gebruikt om een klassikaal experiment uit te voeren met twee 
groepen studenten. Alle studenten bestudeerden een reader en een persoonlijk toegewezen 
rol in het spel. Daarna vulden ze een circulair businessmodelcanvas in en reflecteerden op hun 
leerervaring. Een groep speelde het spel, bediscussieerde de uitkomsten ervan en werkte 
daarmee zowel het canvas als de reflectie bij. De controlegroep besprak en herzag hun werk, 
en speelde daarna pas het spel. De resultaten, bestaande uit teksten in 
businessmodelcanvassen en reflecties, werden geanalyseerd met een combinatie van text 
mining en kwalitatieve methoden. Bevindingen laten zien dat gameplay de studenten 
ondersteunde bij het doorontwikkelen van hun bedrijfsmodel en het vergroten van reflectieve 
vaardigheden tijdens het leren. 
 
Wetenschappelijke bijdragen en aanbevelingen 
De theoretische bijdragen van dit proefschrift zijn te vinden in onderzoek en onderwijs op het 
gebied van circulaire economie en industriële symbiose. 
 
Dit proefschrift geeft wetenschappers in industriële symbiose een aanpak om de dynamiek 
van industriële symbiosenetwerken te kunnen modelleren en onderzoeken. De modellen uit 
de studies maken de integratie mogelijk van gegevens uit de casestudies over de context, 
beschikbare afvalstromen, hulpbronnenbehoeften en gepland gedrag. We stellen voor om het 
model te gebruiken om een beoordelingsmethode te ontwikkelen voor 
gedragsveranderingsbeleid in bestaande of toekomstige initiatieven voor industriële 
symbiose. We raden ook aan om het model verder te kalibreren door andere 
gedragstheorieën te vergelijken en te integreren. 
 
Voor de onderzoeksgemeenschap die circulaire businessmodelinnovatie bestudeert, biedt dit 
proefschrift een methode voor het ontwerpen van, systematisch experimenteren met en 
verbeteren van circulaire businessmodellen op netwerkniveau. Hoewel de derde studie over 
experimenteren met businessmodellen alleen illustreert hoe industriële symbiose met 
uitwisseling van organisch afval en anaerobe vergisting kan worden verbeterd, is de methode 
breder toepasbaar. Het laat namelijk zien hoe digitale modellen aan de algemene dimensies 
van businessmodellen gekoppeld kunnen worden. Daarom stellen we voor om de methode 
verder te ontwikkelen in de context van andere duurzame businessmodelarchetypen waarbij 
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samenwerking met belanghebbenden van belang is. Om ons begrip van de wisselwerking 
tussen businessmodellen en beleidsontwerpen te vergroten, stellen we voor om onze studies 
als startpunt te gebruiken om een bredere methode te ontwikkelen voor industriële 
symbiosenetwerken en andere circulaire toeleveringsketens. 
 
Deze dissertatie draagt ook bij aan de onderzoeksgemeenschap die onderwijs in circulaire 
economie bevordert. Het laat zien hoe serious games ondersteunen in het onderwijzen van 
iteratieve ontwerpprocessen rondom industriële symbiose en circulaire businessmodellen. 
Bovendien laat het onderzoek zien hoe gemengde analysemethoden het begrijpen van 
inhoudelijke en persoonlijke leerresultaten. 
 
Bijdragen en aanbevelingen aan de praktijk 
Deze dissertatie draagt hoofdzakelijk bij aan ondersteuning van huidige en het opleiden van 
toekomstige professionals die levensvatbare en robuuste kringloopactiviteiten willen 
vormgeven en opzetten in netwerkverband. 
 
De studies met agent-gebaseerde modellen (hoofdstukken 3 en 4) helpen belanghebbenden 
de ingewikkelde dynamiek van industriële symbiosenetwerken te verkennen, inclusief 
omgevingsvariabelen, gedrag en acties van actoren, technische specificaties en het ontwerp 
van businessmodellen. De businessmodel experimenteermethode in hoofdstuk 4 kan 
bedrijven richting geven bij het wegnemen van onzekerheden en het ontwerpen van 
samenwerkingen die circulariteit versterken. De agent-gebaseerde modellen uit dit 
proefschrift kunnen beleidsmakers ook ondersteunen bij het identificeren en vormgeven van 
gunstig gedrag en marktomstandigheden. 
Het in dit onderzoek ontwikkelde bordspel (hoofdstuk 5) verschaft een aantoonbaar veilige en 
effectieve simulatie voor conceptualisering van industriële symbiose en de bijbehorende 
businessmodellen. 
 
Bijdragen en aanbevelingen voor onderwijs 
Dit proefschrift omvat open-access wetenschappelijke artikelen, bijdragen aan 
praktijkpublicaties, datasets, het educatieve spelpakket, twee agent-gebaseerde modellen en 
een methode voor ex-ante experimenten met circulaire businessmodellen. We stellen voor 
om deze artefacten te gebruiken om het onderwijs over het begrijpen en ontwerpen van 
industriële symbiose te verrijken. Het in dit onderzoek ontwikkelde spelpakket (hoofdstuk 5) 
is veilig en effectief gebleken om studenten te leren om industriële symbiosenetwerken en de 
bijbehorende businessmodellen te conceptualiseren. Het onderzoek in hoofdstuk 5 kan ook 
dienen als inspiratiebron voor het aanleren van inhoudelijke, persoonlijke, interpersoonlijke 
en design thinking-competenties met behulp van andere vormen van simulatie. We stellen 
voor om het gebruik en de verdere ontwikkeling van deze tools, modellen en methoden in 
onderzoeks- en onderwijsprogramma’s voor de lange termijn te consolideren door ze te 
integreren met curriculumontwerpen. 
 
Samengevat hebben we in dit proefschrift de uitdagingen aangepakt waarmee bedrijven 
worden geconfronteerd in de overgang naar een circulaire economie, met name voor 
bedrijven die industriële symbiose willen implementeren in onzekere omstandigheden. We 
hebben deze uitdagingen gekoppeld aan theorieën uit ontwerpwetenschappelijk onderzoek 
en collaboratieve modellerings- en simulatiemethoden. Het onderzoek voorziet 
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wetenschappers, praktijkmensen en studenten (onze toekomstige leiders en praktijkmensen) 
van kennis, simulatiemodellen, games en een ex-ante experimenteermethode voor circulaire 
businessmodellen. Hiermee kunnen ze industriële symbiose verkennen vormgeven. In een 
breder perspectief vertrouwen wij erop dat we een inspiratiebron hebben geboden om te 
leren, samen te werken en te discussiëren over de toekomstige rol van bedrijven bij het 
vormgeven van een circulaire samenleving. 
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General approach 
This work used three relevant theoretical perspectives: design science research, complex 
adaptive socio-technical systems, and circular business model innovation. Literature on design 
science research and circular business model innovation provided knowledge and methods to 
conduct collaborative research for redesigning business models towards circularity. Literature 
on complex adaptive socio-technical systems supported the development of computational 
simulation models in close collaboration with stakeholders and students. During the research, 
agent-based models were developed and used to experiment with business model designs 
under uncertain factors such as various actor behaviours in diverse environments. We used a 
mix of methods to avoid bias and increase both relevance and rigour, including open-access 
publication of data, models and tools and triangulation of cases, data, methods, artefacts, and 
researchers. The collaboratively developed artefacts comprise two agent-based models, a 
business game and an education game, including teaching material. We conducted four 
studies in this research. 
 
In the first study (chapter 2), we constructed a conceptual design science approach for 
developing an agent-based model with stakeholders. The approach was based on literature 
from design science research, complex adaptive systems modelling, and participatory 
modelling and illustrated with a case study.  
 
The second study (chapter 3) focused on understanding the behaviour of industrial symbiosis 
networks and their constituent actors. The study was the first to combine technical and social 
factors in an agent-based model of five symbiosis implementation stages. Using the proposed 
design science research method from chapter 2, a business game and an agent-based model 
were constructed with case study participants in three real-world cases, experts and 
coresearchers, supported by students. The model simulates compost production from local 
organic waste streams from companies. Chapter 3 focuses on the agent-based model and 
simulation results, and the game is described in chapter 5. Based on the literature, we 
modelled five industrial symbiosis implementation stages: awareness, planning, negotiation, 
implementation, and evaluation. We used the theory of planned behaviour (TPB) to model 
stakeholder behaviour during these stages. We explored model dynamics with and without 
actor behaviour algorithms across a range of possible input variables. The simulation results 
showed how the modelled planned behaviour affects the social agents' cash flow outcomes 
and the network's robustness.  
 
The third study (chapter 4) presents a novel systematic method to explore and improve 
circular business models before actual implementation through agent-based modelling and 
simulation. Building upon the approach and model from studies 1 and 2, we iteratively 
redeveloped, tested, and simulated a new agent-based model with case study participants. 
This model simulates a symbiosis between organic waste suppliers and a waste processor with 
an anaerobic digester. The new model was then used to develop and validate an ex-ante 
experimentation method that systematically covers the key dimensions of business models: 
value proposition, value creation and delivery, and value captured. We used simulations to 
illustrate how to shape circular business model designs to increase the value captured and 
network survival rate. Stakeholders can use the method to make concrete proposals to 
improve the circular business model individually and collectively. 
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The fourth study shows how game-based learning can support teaching current and future 
professionals designing business models for industrial symbiosis networks. The business 
game, which originated from our second study, was iteratively redeveloped into a new 
educational game, including teaching and assessment materials. Next, we used this education 
package to conduct an in-class experiment with two groups of students. All students studied 
a reader and a personally assigned game role before gameplay. Then, they filled out a circular 
business model canvas and reflected upon their learning experience. One group played the 
game, discussed its outcomes, and updated the canvas and the reflection. The control group 
discussed and reviewed their work first and then played the game. The results, consisting of 
texts from business model canvasses and reflections, were analysed using a combination of 
text-mining and qualitative methods. Findings show that gameplay supported the students in 
redeveloping their business model and increasing reflective competencies during learning.  
 
Contributions and recommendations to science 
The theoretical contributions of this thesis can be found in research and education in the fields 
of circular economy and industrial symbiosis. 
 
This dissertation provides industrial symbiosis scientists with an approach to model and 
explore the dynamics of industrial symbiosis networks. The models provided in the studies 
allow for the integration of case study data on the context, available waste streams, resource 
needs, and planned behaviour. We suggest using the model to develop an assessment method 
for behaviour change policies in existing or future industrial symbiosis initiatives. We also 
recommend further calibrating the model by comparing and integrating other behaviour 
theories. 
 
For the research community studying circular business model innovation, this thesis provides 
a method for designing, systematically experimenting with, and improving network-level 
circular business models. Although the study only illustrates how to enhance industrial 
symbiosis with organic waste exchange and anaerobic digestion, the method is more widely 
applicable. It shows how digital models can be linked to the general dimensions of business 
models. Therefore, we propose developing the method in the context of other archetypes of 
sustainable business models involving collaboration with stakeholders. To increase our 
understanding of the interplay between business models and policy designs, we suggest using 
our study as a starting point to develop a broader experimentation method for industrial 
symbiosis networks and other circular supply chains.  
 
This dissertation is also relevant for the research community furthering circular economy 
education. It shows how serious games teach iterative design processes involving industrial 
symbiosis and circular business models. Furthermore, the research demonstrates how mixed 
analysis methods improve an understanding of substantive and personal learning outcomes. 
 
Contributions and recommendations to practice 
This dissertation primarily contributes to supporting current and training future professionals 
that aim to shape and set up viable and robust circular activities in a network context.  
  
The agent-based model studies (chapters 3 and 4) help stakeholders explore the intricate 
dynamics of industrial symbiosis networks, including environmental variables, behaviour and 
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actions of actors, technical specifications, and business model design. The business model 
experimentation method in chapter 4 can guide companies in removing uncertainties and 
designing collaborations that enhance circularity. The agent-based models from this 
dissertation can also support policymakers in identifying and shaping favourable behaviour 
and market conditions. The board game developed in this research (chapter 5) provides a 
demonstrably safe and effective simulation for conceptualising industrial symbiosis and the 
associated business models. 
 
Contributions and recommendations for education. 
This dissertation includes open-access scientific articles, contributions to book chapters for 
practitioners, datasets, the education game package, two agent-based models and a method 
for ex-ante circular business model experimentation. We suggest using these artefacts to 
enrich education about understanding and designing industrial symbiosis. The game package 
developed in this research (chapter 5) was proven safe and effective for teaching students to 
conceptualise industrial symbiosis networks and the associated business models. The study in 
chapter 5 can also serve as a source of inspiration for teaching content-specific, personal, 
interpersonal and design thinking competencies using other simulation tools. We suggest 
consolidating the use and further development of these tools, models and methods in long 
term research and education programmes by integrating them with curriculum designs. 
 
Overall, this thesis addressed challenges businesses face in the transition towards a circular 
economy, specifically those aiming to implement industrial symbiosis under uncertainty. We 
have connected these challenges with theories from design science research and collaborative 
modelling and simulation methods. The research equips scientists, practitioners and students 
(our future leaders and practitioners) with knowledge, simulation models, games and an ex-
ante experimentation method for circular business models. From a broader perspective, we 
trust in having offered a source of inspiration for learning, collaborating, and discussing the 
future role of businesses in shaping a circular society. 
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This chapter explains the circular economy transition and the role of industrial symbiosis with 
companies as key actors in this transition. The state-of-the-art literature is discussed, leading 
to a knowledge gap. To bridge this gap, a central research objective of this dissertation is 
stated: “To develop tools and participatory methods for understanding and shaping industrial 
symbiosis networks”. Four research questions and a research design to answer these questions 
are introduced. 
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1.1 Background 
1.1.1 From linear to circular: industries in the transition towards a circular economy 
As the world’s global consumption continues to rise due to growing populations and increasing 
welfare, the transition to the circular economy (CE) is increasingly gaining traction among 
scholars, practitioners and policymakers (PBL Netherlands Environmental Assessment Agency, 
2021; Rizos et al., 2017). The circular economy, popularised a decade ago by The Ellen 
McArthur Foundation (EMF, 2013), is an economic and industrial system based on the reuse 
and recycling of products and materials and the recovery capacity of natural resources. A 
circular economy ultimately aims to create a long term regenerative economic, ecological and 
social environment.  
 
The term circular economy was first used in the work of Pearce and Turner (1990). CE 
introduced a different mindset than the - at that time most common - linear way of take-
make-use-dispose: extracting resources from the earth, transforming these resources into 
products, using the products, and disposing of the used products as waste. Instead, Pearce 
and Turner (1990) attempted to redesign the economic model in such a way that “everything 
is an input to everything else”. However, even then, the concept of closed-loop economic 
systems was not new at the time. Already in the sixties of the previous century, Boulding 
(1966) forewarned humankind that a shift towards closed-loops was inevitable, in what he 
called a “spaceman economy” - an economy that considers earth to be a closed system similar 
to a spaceship.  
 
The linear economy is often coined as the opposite of the circular economy. In a linear 
economy, resources are extracted, turned into products, used, and discarded (EMF, 2013). 
Due to the abundance of resources, linear economy practices often contributed to companies' 
short-term profits (Sariatli, 2017). However, the linear economy is criticized more and more 
because it may lead to maximizing production and selling as many products as possible 
(Sariatli, 2017). The evidence of social, environmental and eventually economic disadvantages 
against these linear practices is omnipresent and increasing (e.g., EMF, 2013; Ghisellini, 
Cialani, and Ulgiati, 2015; Schroeder, Anggraeni, and Weber, 2019). Therefore, the circular 
economy is globally gaining attention as an alternative way to decouple economic growth 
from environmental impact and resource depletion (Ghisellini et al., 2015).  
 
The environmental impact of materials that are regarded and treated as waste streams related 
to resource extraction and conversion of materials and energy into finished products and 
wastes is significant (Ayres, 1994). For example, Singh et al. (2014) estimated that mining and 
manufacturing industries globally generated 4 to 5 times more solid waste than municipalities, 
adding up to approximately 8.1 to 8.6 billion tonnes of solid waste per year. Therefore, 
industries play a central role in the circular and sustainable economy (Ayres, 1994).  
 
Industries that commit to CE generally aim to develop business models to close, slow and 
narrow resource loops among networks of companies (Bocken et al., 2016). With closing 
loops, the authors mean the connection between post-use and production of new products. 
Slowing cycles refers to product life extension. By elongating operating time, new resource 
extraction or cycling activities are delayed avoiding unnecessary loss of value. With narrowing 
resource flows, Bocken et al. (2016) refer to increasing resource efficiency by using fewer 
resources per product.   
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In circular resource extraction and production processes, the focus lies on closing and 
narrowing loops to minimize waste and maximize resource efficiency among systems of 
industries and companies. Circularity requires all stakeholders in supply chains to treat and 
manage materials in such a way that potential cycling is supported. System-level innovations 
are needed to tackle the complex mix of values, norms, interests and motivations of the actors 
involved. Therefore, this dissertation focuses on system-level business model innovations for 
closing and narrowing loops: aiming to minimise waste and maximise resource efficiency. 
 
1.1.2 Industrial symbiosis and its role in the circular transition 
For the past decade, several local waste collection and treatment initiatives for industrial and 
company waste have emerged in The Netherlands. Many of these initiatives consist of 
networks of companies that aim to create value from their waste streams. The relationships 
between these companies are often compared to “symbiosis” in biology and ecology. The 
concept of “symbiosis” refers to relationships in which at least two different species both gain 
benefits by exchanging materials, energy, or information (Chertow, 2000). Scholars from the 
field of Industrial Ecology – which is considered one of the cornerstones upon which the 
circular economy is built (Ghisellini et al., 2015) – first coined the term industrial symbiosis (IS) 
(Chertow, 2000). Industrial symbiosis is the phenomenon of cooperation between previously 
separate industrial agents aimed at a mutual competitive advantage through the exchange of 
materials, energy, and information. By doing so, industrial symbiosis generally generates 
environmental and social benefits (Chertow, 2000). 
 
In line with the aims of the circular economy, IS strives for the elimination of waste to create 
economic value and reduce environmental impact (Bocken et al., 2014; Graedel & Allenby, 
2010). Thus, scholars and policymakers consider industrial symbiosis to be a major contributor 
to the design and implementation of the circular economy at city-district and network levels 
(e.g., EMF, 2013; European Commission, 2020; Ghisellini et al., 2015). Chertow (2000) stated, 
“The keys to industrial symbiosis are collaboration and the synergistic possibilities offered by 
geographic proximity”. A key concept within this field is the eco-industrial park (EIP), a 
geographical area containing several industrial symbiosis instances that allow energy and 
material exchanges amongst the different industrial enterprises to improve the actor’s 
economic and environmental performances (Kuznetsova & Zio, 2016).  
 
Although, until a decade ago, the field primarily focused on geographic proximity for closing 
loops (Fernandez-Mena et al., 2016), industrial symbiosis is not necessarily limited to 
exchange and reuse in eco-industrial parks. Multiple scholars started to study the 
phenomenon from a dynamic and complex network perspective (e.g., Chertow and Ehrenfeld, 
2012; Doménech and Davies, 2009; Lombardi and Laybourn, 2012). Instead of binding IS to 
geographical limits, they emphasize that system’s boundaries may change over multiple 
dimensions. Hence, Lombardi and Laybourn (2012) redefined the term industrial symbiosis: 
“IS engages diverse organizations in a network to foster eco-innovation and long-term culture 
change. Creating and sharing knowledge through the network yields mutually profitable 
transactions for novel sourcing of required inputs, value-added destinations for non-product 
outputs, and improved business and technical processes.” In this definition, they emphasize 
the diversity of organisations within a network context. Consequently, in the past years, 
scholars increasingly shifted the focus of interest from (eco-)industrial parks toward industrial 
symbiosis networks (ISNs), already defined by Mirata and Emtairah (2005) as “a collection of 
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long-term, symbiotic relationships between and among regional activities involving physical 
exchanges of materials and energy carriers as well as the exchange of knowledge, human or 
technical resources, concurrently providing environmental and competitive benefits”.  
 
Based on the literature, this dissertation presumes that industrial symbiosis emerges across a 
heterogenic set of networked companies and processes, involving (combinations of) 
material(s), energy or information exchanges.  
 
1.1.3 Understanding the complexity of industrial symbiosis networks 
Chertow and Ehrenfeld (2012) recognised that numerous industrial symbiosis processes 
evolve as self-organising complex adaptive systems. Complex adaptive systems (CAS) are 
dynamic systems of elements that interact. Outcomes are not determined by single causes 
but by a combination of multiple factors that may reinforce or neutralize each other (Byrne, 
2002). Turner & Baker (2019) identified eight characteristics of complex adaptive systems:     
[1] path dependency, [2] systems having a history, [3] non-linearity, [4] emergence,                     
[5] irreducibility, i.e., limited direct relationships between system and constituent elements, 
[6] adaptiveness, [7] order and chaos, and [8] self-organising. The central interacting 
components in CAS are called agents. 
 
Firms operate in a complex and evolving environment, and their performance is influenced by 
many external and internal factors that they cannot manage (D’Souza et al., 2015). In order to 
create industrial symbiosis, merely connecting resources to needs is not sufficient: 
combinations of dynamic and transient social, technical and environmental conditions 
determine how the industrial symbiosis network evolves and whether it can survive (Chertow 
& Ehrenfeld, 2012). Hence, ISNs can be considered complex adaptive socio-technical systems 
(Dijkema et al., 2015), defined as “systems composed of two deeply interconnected 
subsystems: a social network of actors and a physical network of technical artefacts”.  
 
In this dissertation, we study ISNs from the perspective of socio-technical complex adaptive 
systems theory. This perspective allows us to explore and integrate the interactive dynamics 
of the environment, social agents, technical agents (artefacts), and the organisational design 
of the network. 
 
1.1.4 Shaping robust industrial networks through circular business model innovation 
In self-organising industrial symbiosis networks, companies are the key players determining 
implementation dynamics (Tao et al., 2019). Many empirical studies have found that 
implementing and sustaining industrial symbiosis networks is not easy (e.g., Chopra & Khanna, 
2014). Unexpected events may cause the symbiotic collaborations to end and the network to 
collapse (Boons & Spekkink, 2012; Chertow & Ehrenfeld, 2012; Chopra & Khanna, 2014; Yap 
& Devlin, 2016). For example, ISNs collapse when (residual) resource suppliers stop 
exchanging their streams with the users (or processors) or when the users stop utilizing these 
local residuals (Lange, Korevaar, Nikolic, et al., 2021c). While traditional supply chains 
regularly suffer from instability by disappearing partners, industrial symbiosis networks are 
even more vulnerable because of their scale, lack of flexibility, redundancy, multifunctionality 
and a high degree of interconnectedness (Chopra & Khanna, 2014). Disruptions between one 
industry’s outputs result in accumulating adverse impacts of partnering industries in symbiosis 
(Chopra & Khanna, 2014). Because of this vulnerability of symbiotic linkages and networks, 
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some scholars started to approach industrial symbiosis from a process perspective to find 
recipes for successful symbiosis. For example, Boons et al. (2016) identified several typologies 
of industrial symbiosis dynamics based on empirical evidence.  
 
Because of their complex adaptive socio-technical nature, industrial symbiosis networks are 
shaped and adapted by contextual factors and ‘local’ rules, i.e., rules that apply to agents 
(Westhorp, 2012). The context in which the ISN is situated is affected by technical, economic, 
geospatial, and institutional factors. In this dissertation, the local rules can be shaped through 
what we call (design) interventions, defined as the systematic set of technological and non-
technological activities that intend to impose a change from the existing situation to the 
desired situation.” (Lange et al., 2017). Design interventions for shaping robust ISNs thus 
require rethinking the whole business logic, traditionally described in business models (Teece, 
2010). Designing business models for industrial symbiosis requires an understanding that 
transcends businesses, traditional supply chains and even industries or sectors (Bocken et al., 
2015). Hence, network-level business model innovation is seen as a critical pathway for the 
transition towards a circular economy (De Angelis, 2016; Schenkel et al., 2015).  
 
Although business model innovation for industrial symbiosis uncovers novel opportunities for 
companies to create value, many are hesitant to implement novel business models. Many 
companies raise questions about the feasibility of the pursued impacts (Bocken et al., 2019). 
Their hesitance is often caused by uncertainties about various new roles, the stakes, opinions, 
and behaviour of other actors, and the dynamics of the companies' environment. Therefore, 
partnering companies require iterative testing, evaluating and reshaping (Baldassarre et al., 
2019). Hence, learning plays a crucial role in circular business model innovation. 
 
1.1.5 Facilitating circular business model innovation in multi-actor learning environments 
Multi-actor learning environments, where learners from different societal roles develop 
knowledge and solutions to problems, effectively support transformative actions (de Vries & 
Hoosbeek, 2019; Geerling-Eiff et al., 2007; Maas et al., 2017). In this context, the triple 
(Etzkowitz & Leydesdorff, 2000), quadruple (Miller et al., 2016) and quintuple helix 
(Carayannis & Campbell, 2010) frameworks are widely used. These frameworks describe the 
variety of actors that interact to develop knowledge for systemic innovation for sustainable 
development, i.e., public, government, industry, university and environment. Often, 
universities use living labs, defined as virtual or physical nodes, for exploration, 
experimentation, design and co-creation for knowledge development and practical 
application by students, educators, researchers and practitioners (Maas et al., 2017; Sol, 
2021). Next to living labs, the terms open research facilities, field labs (de Vries & Hoosbeek, 
2019) and knowledge arrangements are often coined to describe slightly different knowledge 
and innovation initiatives with the same purpose: researchers, societal partners (public, 
private, civil) and education (teachers, students) collaborate to develop knowledge and 
innovations. For researchers, multi-actor learning environments offer opportunities to 
increase societal relevance and scientific rigour through validation. From the educational 
perspective, collaborations in these environments support concrete and authentic learning 
opportunities, paving the way for students to become future researchers or practitioners. 
Industrial symbiosis networks are multi-actor systems by definition. We conjecture that a 
multi-actor learning environment offers learning opportunities for system-level circular 
business model innovations.  
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1.1.6 Design science research using collaborative modelling and simulation methods 
Design science research as a problem-solving research paradigm 
A methodological approach that serves theoretical rigour and practical relevance is needed to 
support circular business model innovation. The design science research (DSR) paradigm 
provides such a prescriptive approach that brings together theory and practice.  
 
In contrast to traditional analytical research, which generally aims to explore, describe, explain 
and/or predict, DSR is fundamentally oriented towards problem-solving (Dresch et al., 2015). 
DSR is coined by Dresch et al. (2015, p. 59) as “science that seeks to consolidate knowledge 
about the design and development of solutions, to improve existing systems, solve problems 
and create new artefacts”. Key aspects of design science are found on multiple levels (Dresch 
et al., 2015). The purpose of design science is to devise new or change human-made systems, 
such as technologies or organisations within a complex world with limited information to 
achieve specific preconceived results. The view of knowledge is pragmatic; knowledge needs 
to serve action. Normative and synthetic thinking are the foundations of knowledge creation. 
Participation and discourse are an integral part of creating interventions and pragmatic 
experimentation. The objects of interest, human-made systems, are meant to contain 
descriptive and imperative properties, targeting an ideal situation. Theory development 
focuses on creating and evaluating a set of alternative solutions to complex problems, with 
multiple stakeholders and a lack of information, through grounded technological rules (Dresch 
et al., 2015; Van Aken & Andriessen, 2011). In contrast to analytical sciences, DSR also focuses 
on developing artefacts to solve problems. These artefacts must be developed and justified 
by both practice and theory (A. Hevner & Chatterjee, 2010). Artefacts in DSR can be produced 
in different forms and shapes, as long as they improve situations towards the desired states 
or theory. Artefacts can be physical constructs, models, methods or instantiations (March & 
Smith, 1995). Typical examples of artefacts are products, technologies, organisational designs, 
computational models, conceptual models, and working procedures.  
 
Learning and designing through collaborative modelling and simulation methods 
In line with the spirit of design science research, collaborative modelling and simulation 
methods facilitate hybrid learning in multi-actor stakeholder environments (Voinov et al., 
2016; Voinov & Bousquet, 2010). These methods do not merely explain historical events from 
cases. They also provide opportunities to explore and learn about the dynamics of multi-actor 
industrial symbiosis networks in multiple possible futures (Batten, 2009). According to 
numerous scholars, collaborative modelling and simulation efforts and activities support both 
the researchers and the participating stakeholders (e.g., Chu et al., 2012; Holtz et al., 2015; 
Voinov et al., 2016). Thus, from a DSR perspective, we can consider the model as the artefact 
that facilitates problem-solving and theory development (Venable, 2006). In general, 
participation in modelling enables stakeholders to make decisions, increase knowledge among 
the stakeholder group through social learning, and increase the model validity in terms of 
quality, acceptance and integration of cross-sectoral perspectives (Hare, 2011). For example, 
during such a modelling process, stakeholders are pushed to identify and define concrete and 
latent assumptions regarding actor behaviour in transition processes (Holtz et al., 2015). By 
doing so, participating researchers and stakeholders reach consensus or identify 
disagreements and understand the broader effects of their decisions, providing solutions. 
Thus, the evolving models facilitate the dialogue between different perspectives (Holtz et al., 
2015), making it possible to understand mechanisms in systems that are yet to be realised. 
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We thus presumed that collaborative modelling and simulation methods could offer 
opportunities to experiment with circular business models before implementation.  
 
Scholars in the domain of socio-technical systems modelling use several terms for stakeholder 
involvement. The main reason for this is that different stakeholder motivations, expectations, 
levels of engagement, and activities can be applicable (Basco-Carrera et al., 2017; Voinov et 
al., 2016). In their study, Chu et al. (2012) present a methodology for the participatory design 
of an agent-based model. Barreteau (2003) also included simulation in the process by coining 
the term companion modelling: “a cycling approach, in interaction with field processes, 
including discussion of assumptions and feedbacks on the field process”. More recent work by 
Smetschka & Gaube (2020) shows how participatory modelling can move the research process 
beyond transdisciplinary and interdisciplinary boundaries. Some scholars strictly distinguish 
between collaborative and participatory modelling, for example, by classifying stakeholder 
involvement into types and degrees of participation (e.g., Basco-Carrera et al., 2017; van 
Bruggen et al., 2019). This study recognizes the opportunities for collaborative and 
participatory modelling and simulation methods to create knowledge and solutions for viable 
and robust industrial symbiosis. However, we do not aim to contribute further to the 
theoretical development of typologies of approaches with stakeholder involvement. Hence, 
we refer to collaborative or participatory modelling methods instead of participatory (or 
collaborative) modelling in this thesis to avoid any confusion. 
 
1.1.7 Knowledge gap 
Given the need for a swift transition towards the circular economy, it is crucial to support the 
development of viable and robust industrial symbiosis networks. Merely analysing existing 
networks is insufficient: stakeholders who aim to become part of industrial symbiosis need to 
know where and how to intervene. The mechanisms and impact of their behaviour on the 
performance at both individual and network levels need to be understood to make informed 
decisions. In addition, novel circular business models need to be designed, bearing in mind 
that changes may occur in both environment and actor behaviour. Collaborative modelling 
and simulation methods in multi-actor learning settings offer opportunities to this end. These 
methods can support researchers, practitioners, educators, and students in exploring 
pathways towards robust industrial symbiosis networks. Currently, these methods and 
accompanying models are lacking.  
 
1.2 Research objectives and questions 
1.2.1 Relevant theoretical fields 
This dissertation supports understanding and shaping industrial symbiosis to speed up the 
circular economy transition. Based on the background study of section 1.1, this work brings 
together three theoretical perspectives: design science research, complex adaptive socio-
technical systems, and circular business model innovation, see Figure 1-1. 
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Figure 1-1 Relevant theoretical perspectives applied within industrial symbiosis and circular economy 
research domains. 

Design science research  
Design science research is prescriptive, aiming to develop knowledge and solutions by using 
and creating artefacts. Combining knowledge and solution development from grounded 
theory and stakeholder involvement serves theoretical rigour and practical relevance. DSR 
contributes to gaining context-specific insights on the efficacy of design interventions such as 
organisational changes and technological innovation (Denyer et al., 2008; Dresch et al., 2015; 
Van Aken & Andriessen, 2011).  
 
Circular business model innovation 
Design interventions for industrial symbiosis require an understanding of actors, technologies 
and accompanying actions and interactions. The required knowledge transcends businesses, 
traditional supply chains and even industries or sectors (Bocken et al., 2015). Business models 
describe a firm’s organisational and economic design, providing insights into how companies 
create, deliver and capture value (Teece, 2010). Hence, network-level business model 
innovation is considered a key pathway for the transition towards a circular economy (De 
Angelis, 2016; Schenkel et al., 2015). To shape robust ISNs, business models that serve the 
individual and network levels must be redesigned and tested. Literature about circular 
business model innovation provides qualitative frameworks for designing network-level 
business models, which can be co-created and tested in design science research (Baldassarre 
et al., 2019).  
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RQ2: How do network and actor behaviour affect the robustness of industrial 
symbiosis networks during implementation? 

 
The third question addresses the assessment of network-level business model designs that 
aim to increase the robustness and viability of industrial symbiosis. Therefore, our third 
question is: 
 

RQ3: How can circular business models for viable and robust industrial symbiosis 
networks be tested and improved before implementation through collaborative 
modelling and simulation methods? 

 
Lastly, we needed to show how collaborative modelling and simulation can support learning 
and designing ISNs. Consequently, our fourth question is: 
 

RQ4: How can collaborative modelling and simulation methods support the learning 
of (future) professionals for improving industrial symbiosis network designs? 

 
1.3 Research design 
This section introduces the general research approach, including the used methods for 
modelling and simulation and practical knowledge development. Then the research process 
and timeline are presented, including the connections between several studies, research 
questions and developed artefacts (models, methods and tools). Furthermore, an analytical 
framework is presented, which guides us in answering our research questions in chapter 6. 
The section concludes with a process overview and thesis outline 
 
1.3.1 General research approach 
The researchers, partners and students followed a design science research approach and 
iteratively explored the ISN dynamics, created business model designs and assessed the 
efficacy of these designs on network robustness and viability. This process is illustrated in 
Figure 1-2.  

 
Figure 1-2 The design science research approach as applied in this dissertation, inspired by Hevner 
(2007). 
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1.3.2 Collaborative modelling and simulation methods 
Design science research aims to produce practical artefacts to find solutions for relevant and 
significant practical problems. In a scientifically rigorous and sound DSR, the designed 
artefact's efficacy, quality, and utility must be validated. Only if this is demonstrated to both 
theoretical and practical audiences, the artefacts enable us to expand our knowledge (Gregor 
& Hevner, 2013; A. R. Hevner, 2007). In this research project, the models and games for 
simulating ISNs are the artefacts that support knowledge development while solving 
problems. Each chapter explains how these artefacts are validated, elaborating their scientific, 
practical and educational value at the time of publication.  
 
Here, we elaborate on two types of artefacts that allow for modelling and simulating 
complexity: agent-based models and serious games. 
 
Agent-based models  
Agent-based models (ABMs) are widely used to model and simulate complex adaptive 
systems. In ABMs, the interactions between autonomous actors and artefacts are modelled 
to enable dynamic simulation over time, allowing for heterogeneity and flexibility of 
subsystem agents and rules (Borshchev & Filippov, 2004). Despite the advantages of using 
ABM for modelling complexity, only a few ABM studies concerning industrial symbiosis have 
been conducted (Ajisegiri & Muller, 2020). The few existing studies indicate that agent-based 
models are powerful tools to facilitate the exploration and shaping of industrial symbiosis 
networks, e.g., Albino et al. (2016); Batten (2009); Camparotti (2020). Some scholars, 
however, also identified some disadvantages to ABM. For example, the process of agent-
based modelling is very time- and labour intensive, and stakeholder participation requires 
stakeholders to commit to the research (Bas, 2017). In addition, model code may be difficult 
to communicate to stakeholders unfamiliar with programming.  
 
Using serious games to facilitate collaborative agent-based modelling 
To overcome barriers in communicating about agent-based models and their outcomes, 
simpler forms of communication during the modelling processes can be helpful. The 
advantage of using serious games is that it enables players to experience concrete and hands-
on situations in a virtual world to create meaningful and desirable impacts in the real world 
(Susi & Johannesson, 2007). Serious games are widely used to solve complex problems in 
collaborative settings (Geurts et al., 2007). They provide a safe virtual learning environment 
and allow participants to make mistakes without risk (Tobias et al., 2014). 
 
Several collaborative studies on other sustainability transitions used serious games and agent-
based modelling, or combinations of both, e.g., Lagabrielle et al., 2010; Rouan et al. (2010); 
Simon & Etienne (2010); Souchère et al. (2010); Worrapimphong et al. (2010). Therefore, we 
decided to use a combination of these two types of modelling and simulation - ABM and 
serious gaming - as exemplary methods to understand and shape industrial symbiosis 
networks. 
 
1.3.3 Practical knowledge development in the application domain 
Case studies 
In line with the purpose of design science research, we aimed to ensure that the research 
objectives and the developed artefacts remained relevant and that the stakeholders were 
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committed to contributing to the research. To this end, we set up two practice-oriented 
research projects in which we based our research on questions from case study participants 
(Mulder et al., 2018, 2020). This section explains why the chosen cases were relevant to fit our 
research goals and how we collected data in these cases. 
 
In the research projects, we executed three in-depth case studies involving networks of 
companies that aimed to exchange and process local organic waste (Mulder et al., 2018, 
2020). In each initiative, the participants wanted to know which technologies should be used 
to turn waste into valuable resources. In addition, they asked what technology and 
organisational design was needed and to what extent the choice of partners in terms of 
collaborative intentions would affect the implementation and survival of the symbiosis 
initiatives. Two case studies primarily focused on creating concepts for a specific class of 
Industrial symbiosis Networks in the context of Urban Agriculture (Schrik et al., 2017), which 
we called Symbiotic Urban Agriculture Networks or SUANs (Lange et al., 2017). One case study 
involved a collective of creative pioneering and service companies situated in a former 
shipyard in Amsterdam (Lange, Korevaar, Oskam, et al., 2021; Mulder et al., 2020). In general, 
all cases were chosen because they aimed for economic and environmental impact through 
narrowing and closing organic material loops. The companies were geographically near each 
other but not yet working together in symbiotic relationships for value creation.  
 
Although the research objectives addressed in this dissertation do not merely entail biobased 
materials, all our case studies involved solid organic waste streams from the (peri-) urban 
environment, such as pruning materials, grass cuttings and food waste. Here we explain why 
studying biobased material recovery is still representative for modelling and simulating 
symbiosis. 
 
Biobased materials cycles in industrial symbiosis and the circular economy 
Scholars and professionals from various academic fields, such as urban planners, economists, 
and agronomists, identify the recovery and reuse of organic waste flows, also known as the 
biobased or biotic circular economy, as one of the main priorities (e.g., Agudelo-Vera et al., 
2012; EMF, 2013; European Commission, 2014, 2020). There are several types of biobased 
materials, such as sewage streams, agricultural waste, and food waste. In the Netherlands 
alone, 1,5 million tons of organic waste is annually collected from households and companies 
and processed in 26 bulk conversion systems (i.e., anaerobic digestion and composting) 
(Rijkswaterstaat, 2014).  
 
Biobased streams are produced by many diverse actors, varying from the food and beverage 
industry, the paper industry and agriculture to households. Hence, organic waste has a 
heterogeneous chemical composition. The quality of the waste is often fluctuating and low 
(Vereniging Afvalbedrijven, 2013, 2014, 2015) since the total quality of the waste in a 
treatment plant depends on the most inferior quality of input. Incineration and conversion 
into compost and biogas for energy are the most common types of organic waste treatment 
(Vereniging Afvalbedrijven, 2013, 2014). The composition of solid organic waste is highly 
variable, but it generally contains crucial elements for food production, such as carbon, 
nitrogen, phosphorus and potassium. The access, use and disposal of these elements are 
closely related to various environmental and social issues. For example, disturbances in the 
earth’s nitrogen cycles negatively affect the natural environment, human habitat and health 
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(Gu et al., 2012). Closing carbon and nitrogen cycles and recovering phosphorus are top 
priorities for global sustainable food production. Developing systemic solutions to exploit 
recovered nutrients from solid organic waste is thus evidently crucial for a sustainable society 
(Bastein et al., 2013; European Commission, 2020).  
 
Organic material cycles are highly relevant to achieving circularity. However, the high variety 
of material quality and quantity, combined with low economic value, creates challenges for 
businesses to create viable and robust value chains. Most circular business practices (PBL 
Netherlands Environmental Assessment Agency, 2021, p. 141) and education programmes 
(Ellen MacArthur Foundation, 2021) focus on elements of the technical cycle. Our three case 
studies face additional economic viability, complexity, and knowledge development 
challenges. Therefore, we considered these cases as representative examples of challenging 
industrial symbiosis networks in the making.  
 
1.3.4 Educational knowledge development  
In this dissertation, we integrated education with the development of the facilitation methods 
and tools for industrial symbiosis by creating thesis assignments on modelling and simulation 
and data collection and business modelling at the university. These assignments were given 
to students in Master’s and Bachelor’s degree courses at a university of technology and a 
university of applied sciences. In case we needed knowledge on biobased materials and 
processes, we set up student collaborations with ‘green’ universities and education 
programmes. Furthermore, we created assignments for data science students to contribute 
to our data analysis. Vice versa, based on the methods and tools devised in this research, we 
iteratively developed, improved, and tested teaching materials. By doing so, the research 
activities benefited from and delivered to education. 
 
1.3.5 Research process  
Figure 1-3 shows the studies we performed and how these studies were related to the 
research questions. 
 
Study 1 entailed a literature review to explore what method could provide prescriptive 
knowledge that facilitates designing viable and robust industrial symbiosis networks, thereby 
answering research question 1.  
 
The second and third studies both entail the development of simulation models and methods 
to capture the dynamics and complexities of our case studies. Study 2 focused on 
understanding the behaviour of ISNs and their constituent actors through the collaborative 
development of an agent-based model, contributing to solving research question 2. During 
the study, a business game was developed to facilitate the communication process during 
modelling with stakeholders. It used the research method from study 1 to build and simulate 
the model.  
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Figure 1-3 Studies and their relations to the research questions (RQ) and developed artefacts. 

Next, the model from the second study was iteratively redeveloped and used to create a new 
agent-based model. This model was used for developing an ex-ante experimentation method 
in study 3. This study aimed to explore how businesses can manage uncertainties and improve 
circular business model viability, bearing the complexities and dynamics of ISNs and their 
actors in mind. Thereby study 3 built upon studies 1 and 2 and contributed to answering 
research question 3.  
 
Study 4 contributed to research question 4. Using simulation methods, it aimed to show how 
current and future professionals can be supported in the ISN design process. A business game 
developed to facilitate case study participants in exploring opportunities for symbiosis was 
redeveloped into an education game package for teaching circular business model innovation.  
 
Appendix A provides a detailed timeline overview of the research process. 
 
1.4 Analysis 
Although there is no single formal definition agreed upon, analytical frameworks are generally 
considered effective and valuable for organising research by structuring a researcher’s 
thinking and supporting logical thinking in a systemic manner (Coral & Bokelmann, 2017; 
Ostrom, 2009). Analytical frameworks can therefore be helpful to reflect upon how research 
is conducted, order the study results and check whether the scope of the study is met.  
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Many frameworks in the domain of design science research, such as those from Hevner (2007) 
and Van Aken & Andriessen (2011), position the researcher in and between theory and 
practice. However, these frameworks were not meant to include the role of education. In line 
with our primary research objective (section 1.2), stating that there is a need for swift 
knowledge development in education, we propose an analytical framework that includes this 
knowledge flow, as seen in Figure 1-4.  
 

 
Figure 1-4 The proposed analytical framework. 

The framework represents iterative and simultaneous knowledge and solution finding by 
collaborative modelling and simulation and its contributions to the three knowledge flows – 
theory, practice, and education – following CIMO logic. Hence, the framework consists of two 
axes covering the main elements of our research: 

1. The x-axis shows how the CIMO-logic (section 1.3.2) is embedded in the design science 
research process. 

2. The y-axis shows how the knowledge evolves from the three perspectives theory, 
practice, and education. 

 
In chapter 6, we used the framework to visualise how and to what extent our studies covered 
the key research elements, which supported us in answering each research question. 
 
1.5 Dissertation structure 
The structure of this dissertation follows the studies as presented in section 1.3.5. 
 
Chapter 2 contains a literature review study to explain why a design science research approach 
is needed for understanding and developing industrial symbiosis networks. The study presents 
a case study, a research approach with research topics relevant to designing viable and robust 
ISNs.  
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An agent-based model and its simulation outcomes are presented in chapter 3, using the case 
study provided in chapter 2. The model offers insights into the effect of individual actor 
behaviour on the robustness of industrial symbiosis networks (chapter 3). 
 
Based on the agent-based model of chapter 3, a new model was iteratively constructed in 
chapter 4 and validated with a different case study. The study presents an approach to 
performing ex-ante circular business model experimentation. 
 
During agent-based modelling, we codeveloped a serious game with experts to help 
practitioners explore possibilities for symbiosis. Chapter 5 describes how we iteratively 
redeveloped the serious game to teach students about circular business model innovation. 
 
Chapter 6 comprises conclusions using the analytical framework as presented in chapter 1 and 
discusses the contributions to theory, practice and education. Furthermore, it includes 
reflections and recommendations. 
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This chapter1 explores what method provides prescriptive knowledge for designing robust and 
viable industrial symbiosis networks (RQ1). Private stakeholders face difficulties in the 
implementation of industrial symbiosis. Their challenges are attributable to the complex and 
dynamic nature of the context, i.e., the environment in which the industrial symbiosis networks 
operate and the various roles, stakes and opinions of the participating stakeholders. Therefore, 
companies need to understand how and to what extent technological and organisational 
designs and interventions contribute to robust and viable symbiosis. Most existing research on 
designing industrial symbiosis networks originated from the field of Industrial Ecology, mainly 
providing design knowledge based on historical data from specific cases. This approach often 
resulted in knowledge with limited relevance to other cases and contexts.  
 
Based on literature from design science research, complex adaptive systems modelling, and 
participatory modelling methods, this chapter proposes a conceptual Design Science approach, 
aiming to develop an empirically grounded and tested agent-based model with stakeholders. 
This model aims to enable exploring design rules under varying circumstances in which 
industrial symbiosis networks run. It offers opportunities to explore the efficacy of industrial 
symbiosis designs more generically. The approach is illustrated using a case study of networked 
stakeholders in an urban agriculture area, which in this chapter is referred to as a Symbiotic 
Urban Agriculture Network (SUAN).  
 
This study complements the existing analytical work in Industrial Ecology by adding a Design 
Science approach, thereby bridging the gap between industrial symbiosis dynamics theory and 
practical complex design issues. It proposes a methodical approach to gain insights and design 
viable and robust industrial symbiosis networks. 
 
  

 
1 This chapter was published as: Lange, K.P.H., Korevaar, G., Oskam, I.F., Herder, P.M., 2017. Developing and 
understanding design interventions in relation to industrial symbiosis dynamics. Sustain. 9. 
https://doi.org/10.3390/su9050826.  
 
The first author conceptualised and performed the research. The other authors had an advisory role. Several 
textual edits have been made to ensure alignment of the published paper into this dissertation.  
 
The original article contained a research agenda, which is currently outdated. Therefore, we have removed the 
research agenda and references to it to avoid confusion with the research topics addressed in chapter 1. The 
initial research agenda can still be found in appendix B. 
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2.1 Introduction 
Urban planners, economists, and agronomists identify the recovery and reuse of organic 
waste flows, the biotic circular economy, as one of the main priorities to foster a transition 
towards a circular economy (Agudelo-Vera et al., 2012; Bastein et al., 2013; EMF, 2013; 
European Commission, 2014; Hajer & Dassen, 2014; McKinsey Global Institute, 2011). User-
driven, self-organising, and decentralized symbiotic networks are emerging, in which 
stakeholders are aiming to create economic, environmental, and societal value by closing 
materials, energy, and water loops (Schenkel et al., 2015; Weijnen et al., 2004). A specific type 
of symbiotic network is being developed for closing loops in Urban Agriculture. In principle, 
Urban Agriculture discerns itself from traditional agriculture by its embeddedness and 
interaction with the local or nearby urban metabolic flows, i.e., by in-situ or nearby organic 
waste processing and reuse of urban nutrients, materials, water, and energy (RUAF 
Foundation, 2016). Based on the study of Mougeot (2000, p.10), we define Urban Agriculture 
(UA) as follows: “UA is an industry located within (intra-urban) or on the fringe (peri-urban) of 
a town, a city or a metropolis, which grows or raises, processes and distributes a diversity of 
food and non-food products, (re-)using largely human and material resources, products and 
services found in and around that urban area, and in turn supplying human and material 
resources, products and services largely to that urban area”. 
 
The need to develop closed-loop systems in Urban Agriculture is stimulated by the idea that a 
multi-objective business model is crucial to making Urban Farming economically, 
environmentally, and socially sustainable (Koppius et al., 2011; Metaal et al., 2013; Schenkel 
et al., 2015). This chapter focuses on reusing organic waste, such as vegetable waste from 
(peri-) urban agriculture, forestry, and food production, processing, and consumption. 
Although it is already regularly technologically and economically feasible, these types of urban 
organic waste flows are not often treated as a valuable local source for new materials and 
energy, e.g., through composting or biodigestion (Bastein et al., 2013; European Commission, 
2014; McKinsey Global Institute, 2011). Urban Agriculture stakeholders are reluctant to 
change the technological and organisational design of the system because they lack 
knowledge of the effect of these design interventions in combination with uncertain events 
that may occur in the system. These stakeholders hesitate because of uncertainties regarding 
their financial viability (Fichtner et al., 2005; Metaal et al., 2013). A relevant field of literature 
for this research topic is Industrial symbiosis (IS). IS aims to understand how collaboration 
between traditionally separate but geographically proximate economic industrial agents may 
contribute to closing material, water, and energy cycles (Chertow, 2000). Chertow (2000, p. 
313) states, “The keys to industrial symbiosis are collaboration and the synergistic possibilities 
offered by geographic proximity”. Gibbs & Deutz (2005, p. 542) add that Industrial symbiosis 
projects “must be designed to allow for a gradual approach, and each phase needs to be 
financially viable”. While looking at the definition of Urban Agriculture from the perspective 
of IS, it is quite evident that an urban farm, a location where Urban Agriculture takes place, 
can be considered a specific type of eco-industrial agent. Such an agent interacts with nearby 
partners within the urban ecosystem, thus creating what we will call a Symbiotic Urban 
Agriculture Network (SUAN). These SUANs facilitate local production and use a combination 
of crops, materials, water, and energy through a strategy of optimal high-value multi-sourcing, 
cascading, reuse, and recovery. The composition of organic waste changes quickly due to 
biological processes (e.g., decay or fermentation) (Pfaltzgraff et al., 2013). Hence, Industrial 
symbiosis, focusing on a decentralized and local approach, appears to be particularly 
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promising for agile and high-value reuse and recycling of organic waste. In practice, this 
implies that SUANs are dynamic networks consisting of actors executing nearby separation 
and collection of organic waste and local cascading and/or processing into valuable resource 
materials or energy.  
 
In the real world, SUANs, and other symbiotic networks, are continuously developing over 
time; for example, stakeholders enter or leave the SUAN or change their roles, organisational 
structure, and use of technologies. Symbiotic networks are considered socio-technical 
Complex Adaptive Systems (Dijkema & Basson, 2009). Complex Adaptive Systems are defined 
as systems that consist of heterogeneous components that adapt as they interact (Boons et 
al., 2014; Chertow & Ehrenfeld, 2012; Holland, 2006; Spekkink et al., 2016). Bauer and Herder 
define socio-technical systems as systems where “technology is central for their operations” 
(Bauer & Herder, 2009, p. 602). Dijkema & Basson (2009) consider the socio-technical system 
a dynamic, complex system that consists of both a technical and a social network that interacts 
with a continuously changing context. Therefore, a particular strand of IS literature studies IS 
dynamics; it conceives IS as a interact (Boons et al., 2014, 2016; Chertow & Ehrenfeld, 2012; 
Spekkink et al., 2016). The recent comparative framework by Boons et al. (2016), which 
provides a set of IS dynamics typologies, is based on historical data. According to Yap & Devlin 
(2016), historical data from case studies provide an initial common explanation. However, it 
gives no insights into IS dynamics in new case studies since different combinations of factors 
lead to different network behaviour. Hence, the analytical research approach can benefit by 
adding a prescriptive approach, in which we can build on an understanding of how certain 
events and actions influence the IS network development in specific contexts. 
 
Design Science is particularly useful for prescriptive driven design issues (Denyer et al., 2008). 
Scholars widely accept participatory methods in modelling as ways to encourage co-
evolutionary learning among stakeholders during the process of designing context-specific 
solutions (Hare, 2011; Holtz et al., 2015). As a result, to improve the understanding of 
technological and organisational design intervention effects in symbiotic networks, we 
propose to combine literature on IS dynamics with methods and perspectives from Design 
Science and participatory modelling. In this chapter, we do so by studying the literature from 
these three fields of literature, IS dynamics, design science research methods, and 
participatory methods in modelling, and by proposing an iterative design science research 
method. 
 
This research contributes to understanding IS dynamics by bridging the gap between history-
based IS dynamics theory and design intervention issues in current and future case studies. 
The study, therefore, provides a literature-based conceptual Design Science method, 
illustrated with a practical agricultural network example in the city of Amsterdam, The 
Netherlands.  
 
2.2 SUANs, Complexity and Design Interventions 
This section starts with defining the newly introduced concept of SUANs, being a suitable case 
for improving insights on design mechanisms and outcomes in technological innovation and 
organisational structures in IS dynamics. Then, we explain the role of design interventions in 
IS dynamics. In the following sections, we elaborate on the concepts of Design Science and 
participatory methods in modelling. Finally, the state-of-the-art IS dynamics will be discussed 
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on applicability from a design science research perspective, and a novel conceptual research 
method will be presented.  
 
SUANs are heterogeneous: there are different types of urban, industrial, and civil actors 
involved, as well as a variety of material, energy, and information flows (e.g., food, wood, leafy 
greens, compost, biogas, digestate). Both quantity and quality of these flows are essential 
aspects that influence the reuse potential in terms of business value. 
 
We created a simple model of flow exchanges between actors in SUANs, including their 
resources and waste flows (see Figure 2-1). We used the conceptual frameworks of Despeisse 
et al. (2012) and Leigh & Li (2014) as a source of inspiration and literature by Bastein et al. 
(2013) and Metaal et al. (2013) on respectively urban organic material loops and Urban 
Agriculture. Note that actors can play more than one role within the network. For instance, a 
restaurant owner may simultaneously act as a food processor and a distributor; or an urban 
farmer may also act as a waste processor when using composting heaps or biodigesters. It is 
important to note that the actors in Figure 2-1 do not represent the exhaustive set of 
stakeholders involved in influencing the SUAN’s dynamics.  

 
Figure 2-1 Simple generic model of day-to-day resource and waste flows in a Symbiotic Urban 
Agriculture Network. SUAN = Symbiotic Urban Agriculture Network. 

In this research, the concept of industrial symbiosis as a socio-technical Complex Adaptive 
System is studied from a design perspective and the traditional explanatory approach. 
Transforming analysis methods into design interventions regarding economic and sustainable 
development in practice is an essential aspect of the field’s right to exist (Graedel & Allenby, 
2010). In line with Pugh (1990), we define design interventions as the systematic set of 
technological and non-technological activities that intend to impose a change from the existing 
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situation to the desired situation. This definition of design interventions explicitly recognises 
and accepts that emergent and disruptive contextual behaviour may occur; sudden changes 
in the context may influence the effects of the design intervention in an unintended way. 
Therefore, this definition distinguishes itself from comprehensive design or planning, of which 
Desrochers states that it “is unlikely to live up to the expectations of its proponents” 
(Desrochers, 2001, p. 1099). 
 
2.3 Design Science, Modelling and Stakeholder Participation 
Many studies on the concept of IS can be considered analytical and description-driven, 
whereas explanatory sciences aim to describe, explain, or predict phenomena. Typical 
examples of the analytical approach in industrial symbiosis dynamics can be found in 
explanations through ex-post evaluations of the development of symbiotic systems (e.g., in 
single case studies or generic comparative studies). The analytical sciences provide 
explanations through causal models through hindsight. Design science provides a set of 
alternative solutions through grounded technological rules (Van Aken & Andriessen, 2011). 
 
Dresch et al. (2015, p. 59) define design science as “science that seeks to consolidate 
knowledge about the design and development of solutions, to improve existing systems, solve 
problems and create new artefacts”. Design science research has also been termed practice-
oriented, applied or evidence-based management research or innovation action research 
(Denyer et al., 2008; Holmstrom et al., 2014; Van Aken, 2004; Van Aken & Andriessen, 2011). 
These terms are all used for research in which prescriptive knowledge on solving practical 
problems is obtained through artefacts rather than providing generic explanations of 
phenomena through causal models. Dresch et al. (2015) emphasize that even though design 
science differs from traditional analytical sciences, they complement each other because of 
their different objectives. Design science aims to pragmatically develop grounded and tested 
solutions and rules for ‘wicked problems’: complex problems with little information available, 
multiple stakeholders including their plural and sometimes contradictory perspectives and 
goals and endless possible solutions (Dresch et al., 2015). 
 
While in traditional science the researcher acts as an observer, in Design Science, the 
researcher instead participates by facilitating a discourse in which stakeholders strive for 
pragmatic solutions for a particular class of problems through iterative analysis and synthesis 
steps (Dresch et al., 2015). Hence, the problem description and matching solutions are 
simultaneously and iteratively developed in Design Science (Rittel & Webber, 1973). Four key 
concepts play a crucial role in Design Science: Context, Interventions, Mechanisms, and 
Outcomes (CIMO). An explanation of these key concepts is given in Table 2-1. 
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Table 2-1 Context, Interventions, Mechanisms, and Outcomes (CIMO) explained, inspired by Denyer et 
al. (2008), Boons et al. (2016), and Holmstrom et al. (2014). 

Concept Explanation 

Context 
Internal and external technical, economic, geospatial, and institutional factors and 
the nature of human actors influence the behavioural transformation of the socio-
technical system. 

Interventions Interventions available within the power of the design participants, aiming to 
influence behavioural change of the socio-technical system. 

Mechanisms 
Mechanisms provoked by the design intervention in the specific context. For 
example, changes in interaction behaviour between agents or changes in interim 
states which influence the course of events. 

Outcome 

The outcome of the intervention in its (intended and unintended) aspects, such as 
the impact on environmental impact, network structure changes, or performance 
changes in terms of network function. In the case of SUANs (among other 
symbiotic networks), the intended outcome would be a network that creates 
business value through symbiosis. 

 
Hypothesized and testable design propositions are a central component of iterative design 
science research methods (D. Jones & Gregor, 2007). A typical feature that contributes to the 
design process is the prescriptive design hypothesis consisting of CIMO-logic: “Use for this type 
of problems within Context, this type of Intervention, for starting this Mechanism, in order to 
realize this Outcome” (Denyer et al., 2008, p. 395). Applying a design hypothesis enables the 
reflection on possible mechanisms and outcomes that can be observed and evaluated through 
iterative and incremental design interventions in similar contexts (Holmstrom et al., 2014). 
According to Yap & Devlin (2016), the analytical approach to IS dynamics provides a 
scientifically sound explanation of historical events, but it has no predictive power. Although 
the Design Science approach does not offer comprehensive predictions on IS dynamics, it does 
contribute to gaining context-specific insights on how specific design interventions within the 
context influence the symbiotic network behaviour and vice versa. It also provides insights 
into behavioural changes in similar contexts, leading to empirical design rules for 
organisational changes and technological innovation (Denyer et al., 2008; Dresch et al., 2015; 
Van Aken & Andriessen, 2011). If a similar set of stakeholders turn out to be successful in 
multiple cases, it is likely to be successful in other similar cases as well. One might think about 
a particular group of stakeholders that are able to turn organic waste into a successful 
business case for local compost production. Modelling and simulation provide very powerful 
tools to play with network configurations, agent behaviour, and contextual boundary 
conditions, i.e., through Monte Carlo simulation (Van Dam et al., 2013). 
 
Agent-based models (ABMs) are considered most suitable for modelling socio-technical 
Complex Adaptive Systems when (1) each actor acts autonomously, (2) subsystems operate in 
a dynamic environment, (3) subsystem (agent) interaction is characterized as flexible, and (4) 
agents are heterogeneous (Van Dam et al., 2013). Design interventions in the case of SUANs 
match these conditions, which is in line with a recent study on socio-technical aspects of agro-
industrial ecological systems by Fernandez-Mena et al. (2016). Nevertheless, up to now, the 
amount of ABMs that can be found on the topic of industrial symbiosis dynamics is currently 
limited to a few: examples are Cao et al. (2009), Bichraoui et al. (2013), Ligtvoet (2010), and 
Batten (2009). Batten (2009, p211) states: “The purpose of an ABM is not to predict the future 
but to explore the alternative futures that might develop under different conditions”. ABMs 
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enable us to show which transition pathways are likely to occur in specific design intervention 
scenarios and whether these pathways are stable or not. Thus, agent-based modelling is a 
promising tool for evaluating technological and organisational design decisions in symbiotic 
networks. 
 
It is essential to build models that are accurate and transparent enough to increase insights, 
provide communication, and foster social, co-evolutionary learning (Batten, 2009). 
Participatory methods in modelling are particularly helpful in clarifying and identifying 
fundamental and latent assumptions and behaviour of real-life agents (Holtz et al., 2015). 
Other types of socio-technical Complex Adaptive Systems have successfully been developed 
and evaluated using participatory modelling techniques for ABMs, e.g., in resource and water 
management (Hare, 2011; Hare et al., 2003; Newig et al., 2008). However, we found only one 
article by Batten (2009) on participatory modelling of ABMs in IS. Participatory methods are 
suitable for Design Science: while the modelling participants iteratively impose design 
interventions, its mechanisms and outcomes are evaluated to develop generic knowledge 
further to resolve the problem. Considering the need for prescriptive knowledge on design 
interventions and coherent with observations by Holtz et al. (2015), Batten (2009), and Hare 
(2011), participatory modelling methods can be used to:  
 

• facilitate stakeholder processes through social learning during the collective iterative 
modelling, simulation, evaluation, and reflection processes; and 

• improve the model, e.g., for quality improvement, stakeholder acceptance, and system 
integration through active participation of stakeholders in iterative modelling, 
simulation, evaluation, and reflection. 

 
Current analytical methods in IS primarily intend to understand organisational phenomena by 
uncovering general patterns and influences in industrial ecosystems through hindsight 
observations. We are convinced that understanding IS dynamics would benefit from a 
pragmatic approach through Design Science. Aiming to develop pragmatic grounded solutions 
simultaneously in running case studies will likely provide generic design rules that can be 
applied in different contexts. An iterative design science research method, using participatory 
methods to establish ABMs, is likely to contribute to scientific and practical knowledge 
development concerning technological and organisational design interventions in IS dynamics. 
 
2.4 Conceptual design science research method development 
Based on the literature review presented above, we expect that the Design Science approach 
helps scientists and practitioners to facilitate social learning processes among stakeholders in 
industrial symbiosis. In order to respond to this gap, we combined the participatory methods 
by Hare et al. (2003) and the agent-based modelling methods of Van Dam et al. (2013). We 
placed these in the context of the Design science research methodology by Van Aken & 
Andriessen (2011) and the CIMO-logic by Denyer et al. (2008), resulting in Figure 2-2. The 
proposed conceptual methodology shows that generic knowledge development is reached 
through an iterative multiple case study analysis. Each tab represents a single case study in 
which the design science research methodology is applied. In the model, CIMO logic is 
represented throughout the phases.  
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Figure 2-2 Conceptual design science research method for facilitation of design interventions regarding 
technology and organisational structure in SUANs. SUAN = Symbiotic Urban Agriculture Network; SH = 
stakeholder; ABM = Agent-based model. 
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Existing theories and methods from IS and IS dynamics help communicate, model, and analyse 
simulation results. Zhu & Ruth (2014) provide a method to translate three typologies (i.e., self-
organisation, facilitation, and governmental planning) into simulated growth patterns in ABMs 
based on historical data. IS dynamics literature can therefore be used as a point of departure 
for basic assumptions on the behaviour of social agents. IS literature provides many analytical 
methods and indicators based on historical data that may be of use while analysing and 
evaluating the mechanisms and outcomes of the IS dynamics simulations. Zhang et al. (2015) 
did an extensive review of the theory and methodology of industrial symbiosis research. They 
provide an overview of theoretical frameworks, analytical methods, indicators, and examples 
useful during data collection and network development analysis. The researcher should 
actively select and present relevant information understandably to the participants to 
facilitate discussions on the simulated course of events. For example, Fichtner et al. (2005) 
provide an overview of personal, enterprise-level, and inter-organisational barriers that 
prevented stakeholders from closing loops in 25 historical case studies. These barriers may be 
helpful to consider as variables in the ABM. The researcher may use this knowledge to reflect 
on empirical data in the new case study and translate this into an initial set of agent states 
and rules. Then, the real-world stakeholders must be involved in an iterative validation of the 
model and reflect on the simulation results. If the model does not accurately simulate the real 
world, the model must be updated in terms of technical, geo-spatial, social, institutional, and 
economic conditions. If the stakeholders agree upon the accuracy and embeddedness of the 
model, the second question is whether the simulated mechanisms imposed by the design 
intervention lead to the desired outcome. Comparative IS dynamics typologies such as those 
perceived by Boons et al. (2014) may help communicate the simulation results to the 
stakeholders. Along the process, the researcher or facilitator observes the participation 
process during concept evaluation through the development and use of an ABM. It will result 
in insights into the role of design interventions (connected to participatory agent based 
modelling) and on institutional learning during this design process. 
 
To conclude, we define design interventions in IS dynamics as: “the systematic set of 
technological and non-technological activities that intend to inhibit and support the physical 
and social growth and development of symbiotic networks”. This definition does not explicitly 
include any exceptions on who is performing the design intervention activities. It implies that 
design activities may mainly be executed by independent stakeholders (e.g., in self-
organisation), facilitators (e.g., knowledge institutes, governmental, or private facilitators), or 
external planners (e.g., governmental command and control). In order to provide empirically 
grounded design intervention rules in the context of IS dynamics, we argue that the field of IS 
would benefit from iterative studies that use the Design Science approach. 
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2.5 Case Study 
This section describes a case study to give illustrative insights into applying the proposed 
methodology. Our project ‘Re-Organise’ aimed to stimulate the collaboration between local 
small and medium-sized enterprises (SMEs) and higher education institutions. The proposed 
methodology was fully implemented during the project at SUANs in Amsterdam, The 
Netherlands (Mulder et al., 2018). One particular consortium of companies consists of SMEs 
located on the fringe of Amsterdam West. The goal for the stakeholders was to critically reflect 
on design scenarios around the organisational network structures regarding the use of new 
biodigestion systems.  
 
The area consists of several urban farming companies for local production (e.g., local to local 
vegetable production, fruit gardens, and beekeepers), food service, the hospitality industry 
(e.g., cafes and restaurants) and a sustainability consultancy and networking company. 
Farmers produce vegetable and animal products for the local market, such as food service 
companies in and just outside the area. The companies need energy products for cooking and 
heating and material products, such as fertilizers and animal feed. The site has a rich 
development history and is therefore dependent on a heterogeneous group of internal and 
external stakeholders, such as multiple departments of the city of Amsterdam, the 
municipality of Haarlemmermeer, the Province of Noord-Holland, several regional water 
authorities, private companies, such as Schiphol Group, and civilians. 
 
The intended mutual stakeholder dependency was to become cooperative. For example, 
some parts of the area were owned by public stakeholders. These public institutions intended 
to give the farmers the right to maintain the area while handing over local resources (e.g., 
grass, wood). This dependency could also become competitive: some internal and external 
parties, for example, wanted to expand at the expense of the current landowners. The design 
science research of this case study followed the phases of Figure 2-2: Context, Intervention, 
Mechanisms, and Outcome. We here describe what the CIMO logic looked like in this 
particular case study. 
 
Phase 1: Context started with gaining insight through a series of unstructured and semi-
structured interviews with initially committed stakeholders (Mulder et al., 2018). For 
stakeholders interested in participation, the available technologies, business activities, input 
and output flow, geospatial information (e.g., location, size, and type of terrain) and 
institutional factors (e.g., relevant legislation, taxes, subsidies, area development plans) were 
collected. The previous activities resulted in practical individual questions around stakeholder 
problems and opportunities regarding the socio-technical aspects of the current technologies 
and organisational structures (see Table 2-2). 
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Table 2-2 Initial questions by stakeholders involved at the SUAN in Amsterdam West (Circle Economy 
et al., 2015; Gemeente Amsterdam, 2014; Mulder et al., 2018). 

Stakeholder Practical question 

Fruit garden 
owner 

“What is the quantity and quality of the products (biogas, digestate) produced 
by my biodigestion system, and how can I use this technology to meet the 
market’s demands to improve my revenues?”  

Sustainability 
consultant 

“Which ecological and economical business values and usage possibilities can 
be identified? How should the stakeholders in the area work together?”  

Urban farmer  
“To what extent is my company able to work together with surrounding 
companies to close organic nutrient and waste loops? How can we 
systematically accomplish this? What costs and benefits are involved?” 

City of 
Amsterdam 

How to facilitate a transition to closed-loop systems for a maximized eco-
efficiency and economic value through recycling and upcycling, particularly in 
the food sector?  

 
An initial practical diagnosis of a research agenda was set up by combining keywords in Table 
2-2. We formulated a case-specific question that was shown to and approved by all 
stakeholders after several iterative steps (Mulder et al., 2018): “Can we process and reuse the 
local organic waste in a decentralized biodigestion system to increase economic and ecological 
value?” Then, materials, water energy and information demands and supplies were mapped 
using material flow accounting methods. Data was iteratively collected from existing 
geographic and commercial data on materials, stocks, processes and symbiotic potential, in-
situ observations, and interviews during day-to-day handling. The individual questions and the 
mapped data were translated into a case-specific description of the SUAN’s objectives through 
iterative brainwriting and participatory meetings. It resulted in a prescriptive design 
hypothesis: “Use biodigestion systems to produce and exchange local biogas and fertilizers 
from public, private, and civil organic waste to realise the economic value and soil 
improvement for the stakeholders”. 
 
In phase 2: Interventions, the case-specific information on and demand and supply potentials 
of relevant organic materials (e.g., tons/month), water (e.g., tons/month), and energy (e.g., 
kWh/month) for biodigestion was used to develop a socio-technical design through 
stakeholder participation. In addition, inspired by the work of Boons et al. (2016) and Zhu & 
Ruth (2014), IS dynamics typologies were used to propose initial states and rules in model 
agent behaviour. It resulted in: 
 

1. a list of relevant agents, including descriptions of their properties and behavioural 
rules regarding actions and interactions; and 

2. a description of the environment and its interaction with the agents. 
 
The agents, behaviour specifications, and environment description are checked for approval 
with the stakeholders through showing and telling and were put in a schematic model layout 
for further development of the ABM, using the methods of Van Dam et al. (2013). Table 2-3 
shows the steps for building an ABM, including the extent of stakeholder participation and the 
intended result. This ABM was used to experiment with case-specific design interventions: 
different plausible organisational structures concerning implementing decentralized 
biodigestion systems.  
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Table 2-3 ABM modelling steps, inspired by Van Dam et al. (2013). 

Step Methods Intended Result 

Concept 
formalization 

Iterative model conceptualisation and 
show-and-tell participation methods 

A precise description of the 
conceptual model: 
software data structure, 
ontology 

Model 
formalization 

Iterative model conceptualisation and 
show-and-tell participation methods 

Model narrative and 
pseudo-code (who does 
what and when) 

Software 
implementation  

Software choice 
Software model Software model 

Model verification Iterative model testing, debugging, single-
agent interaction, multi-agent interaction Tested model 

Experimentation 

Scenario building and experimentation. It 
may include the effect of a specific 
organisational or technological design in 
different contexts. Such as worst-case 
scenarios in internal (e.g., bankruptcy) and 
external factors (e.g., disruptive technology)  

ABM scenario simulation of 
the socio-technical system 

 
In phase 3: Mechanisms, first, the model was evaluated on quality, such as accuracy, 
acceptance by stakeholders, and system integration (completeness) based on the theory by 
Hare (2011). It led to an additional model improvement step, for example, a more accurate 
description of the context or intervention. Once the model was accepted, the stakeholders 
participated in an interactive reflection of the simulation results to improve the mutual 
understanding of the design intervention effects concerning the intended SUAN scenarios. 
Depending on the model's results or the lessons learned, phase 1 or 2 was iteratively repeated, 
until the end of the project, ending with phase 4.  
 
As Boons et al. (2016) described, the emerging mechanisms took the form of typologies and 
could be evaluated in terms of a series of events. During the participatory modelling of the 
system, the stakeholders were allowed to steer the intervention between facilitation and self-
organisation or governmental planning. The model helped them understand which dynamic 
was most appropriate in their case. The researcher was to conclude how the dynamics have 
been interpreted over time and resulted in the desired design outcome. For example, the 
events that occur in simulated mechanisms can be described using the institutional levels of 
Williamson (1998) and Bauer & Herder (2009). It contributed toward understanding how 
interventions shaped the network within the abilities of the SUAN stakeholders. These 
iterative design optimization steps took place in phase 4, but only after the acceptance of the 
model. 
 
In phase 4: Outcomes, the lessons learned were used as a learning tool for optimization 
experiments by practitioners in the specific case. Phase 4 allowed for simulating contextual 
adjustments over time, investigating whether the design intervention remained pragmatically 
valid in terms of the intended outcome despite emerging contextual changes. For example, 
reasons for discontinuance could be simulated. The ABM allows for studying the gradual effect 
of both the context and design interventions on network collaboration and individual financial 
viability. These indicators remain crucial to successfully implementing symbiosis (Gibbs & 
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Deutz, 2005). If combined with other cases, the case-specific outcomes may lead to generic 
recommendations for improvement of participation and modelling methods or even the 
methodology as a whole. In addition, the ABM can be used to set up a generic ABM for SUANs, 
which may be helpful for modelling and social learning in other cases. 
 
2.6 Concluding Remarks 
In order to advance the facilitation of design interventions in dynamic symbiotic networks, a 
literature-based design science research method for further method development was 
proposed in this chapter. The study complements analytical work based on historical data by 
adding the Design Science approach that bridges the gap between IS dynamics theory and 
practical complex design issues. This method provided a different understanding of 
mechanisms and outcomes through ABMs based on literature and new empirical data. The 
methodology, therefore, led to improved insights into IS dynamics and its typology 
arrangement. In addition, it provided a way to take technological and organisational design 
interventions and complex institutional behaviour into account. 
 
In general, design science research methods are promising for uncovering prescriptive 
knowledge on design interventions for IS. It is important to note that the research using this 
method does not result in a single comprehensive set of rules that leads to the successful 
development of IS networks. However, the research contributes to the development of design 
rules for different cases in which contextual similarities and differences may be identified, and 
the effect of interventions may be evaluated. 
 
From a societal perspective, the different types of stakeholders, with their different 
perspectives and aims, wish to translate the knowledge of IS dynamics into grounded and 
tested design rules instantly. We believe that the Design Science and participatory ABM 
perspectives may contribute to a broader understanding of meeting these societal demands. 
We are also convinced that participatory modelling methods are likely to encourage potential 
participants to engage in IS because of their power to elicit discussions among the participants. 
In addition, the approach may contribute to other fields as well, for example, by adding the 
newly developed design intervention facilitation method for participation in modelling to 
existing methodologies in the field of participatory urban planning or resource management. 
 
To conclude, this chapter shows how design science research methods combined with 
participatory modelling can provide practical and theoretical knowledge on IS dynamics. The 
generic agent-based models developed in the following chapters were built using this method. 
These provided more precise insights on how network environment, actor behaviour and 
interventions in business model design influence IS dynamics. 
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In practice, industrial symbiosis networks (ISNs) regularly fail when partners leave and residual 
streams remain unrecovered. Regarding the current societal need for a shift towards 
sustainability, ISNs should not fail. Failures of ISNs may be caused by environment dynamics 
and actor behaviour, leading to unanticipated economic losses. This chapter2 explores the 
effect of these behaviours on ISN robustness by using an agent-based model (ABM).  
 
Using the proposed design science research method from chapter 1, a business game (see 
chapter 5) and an agent-based model were constructed based on insights from both literature 
and participatory modelling in three real-world cases. The chapter focuses on the agent-based 
model and simulation results. Although initially, the case participants were interested in 
studying biodigestion (chapter 2), this agent-based model eventually simulated the 
implementation of synergies for compost production from local waste. The Theory of Planned 
Behaviour (TPB) was used to model agent behaviour in time-dependent bilateral negotiations 
and synergy evaluation processes. We explored model behaviour with and without TPB logic 
across a range of possible TPB input variables. The simulation results show how the modelled 
planned behaviour affects the cash flow outcomes of the social agents and the robustness of 
the network.  
 
The study contributes to the theoretical development of industrial symbiosis research by 
providing a quantitative model of all ISN implementation stages, in which various behavioural 
patterns of entrepreneurs are included. It also contributes to practice by offering insights on 
how network dynamics and robustness outcomes are related to context and ISN design, and 
actor behaviour (RQ1 and 2). 
 
  

 
2 This chapter was published as: Lange, K.P.H., Korevaar, G., Nikolic, I., Herder, P.M., 2021. Actor Behaviour and 
Robustness of industrial symbiosis networks: An Agent-Based Modelling Approach. J. Artif. Soc. Soc. Simul. 24. 
https://doi.org/10.18564/jasss.4635.  
 
The first author conceptualised and performed the research. The other authors had an advisory role. Minor 
textual edits have been made to ensure alignment of the published paper into this dissertation. 
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3.1 Introduction 
Within the context of the circular economy, self-organised industrial symbiosis networks 
(further abbreviated as ISNs) have gained much interest in science and practice as a means to 
increase social, environmental and economic sustainability (Ghisellini et al., 2015). Firms 
within ISNs exchange information, materials and energy to primarily create economic benefits 
while also contributing to sustainability (Chertow, 2000; D. R. Lombardi & Laybourn, 2012). 
 
ISNs consist of social entities and technical objects, such as waste streams, contracts and 
technologies, which are interdependent and evolving over time (Mannino et al., 2015). 
Technologies, business models, policies and actor behaviour affect the emergence, growth 
and decay of ISNs. Only a few types of ISNs can be successfully sustained (Yap & Devlin, 2016), 
and for example, small networks are particularly vulnerable to falling apart (Tudor et al., 
2007). The most successful ISNs are generally self-organising networks (Chertow & Ehrenfeld, 
2012). 
 
Understanding the behaviour of firms improves the effectiveness of decision making in the 
transition towards circular systems (Verzijl et al., 2019). Therefore, the behaviour of firms is 
increasingly being studied in the context of ISNs, e.g., by Spekkink et al. (2016). 
 
This study aims to explore under which conditions, how and to what extent the robustness of 
ISNs is influenced by actor behaviour during the implementation of by-product exchanges in 
ISNs. It is built upon key elements that determine ISN dynamics and survival: this concerns all 
stages of industrial symbiosis implementation from the perspective of each firm in the 
network, including actor behaviour. 
 
Since real-world experimentation is impracticable for exploring many parameters and actor 
behaviours, we have used agent-based modelling to explore this relationship. Compared to 
other methods, agent-based modelling is particularly suitable for studying complex 
cooperation dynamics among firms (Bonabeau, 2002; Giannoccaro, 2015). To adequately 
capture the real-world dynamics of interactions among ISN firm representatives, we have 
utilized a participatory modelling process in multiple real-world case studies. 
 
3.2 Background 
Following the key elements indicated above, this section discusses the importance of each 
firm’s perspective, modelling all stages of industrial symbiosis implementation and 
understanding how actor behaviour affects network performance. 
 
3.2.1 The firm’s perspective 
In self-organising industrial symbiosis, companies are the key players determining 
implementation dynamics (Tao et al., 2019). Each company plays at least one, but possibly 
more roles, such as waste supplier or processor (Mulder et al., 2018). Economic costs and 
benefits firstly accrue to the firms and then to the network (Chertow, 2000). When costs for 
individual firms are too high or their benefits too low, they tend to pull out, resulting in a 
higher probability of other firms leaving the network. This failure phenomenon has a severe 
negative impact on the survival probabilities of ISNs (Wang et al., 2017; Zeng et al., 2013). ISN 
dynamics are strongly determined by the decisions of individual firms (Tao et al., 2019). Hence, 
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reasoning from the individual firm’s perspective is crucial to shaping ISNs towards a robust 
state. 
 
3.2.2 Modelling all ISN implementation stages 
Academic literature suggests that the development of ISNs should be considered a process 
based on broad economic, environmental and social aspects (Chertow & Ehrenfeld, 2012; 
Lambert & Boons, 2002). Based on the experience of ISN firms, Tao et al. (2019) developed 
such a broad ISN implementation framework from the perspective of firms. According to this 
framework, ISN firms go through the following stages: [1] awareness, [2] planning, [3] 
negotiation, [4] implementation and [5] evaluation. However, existing studies that model ISNs 
address the implementation stages only partially. Zhu & Ruth (2013, 2014) explored ISN 
evolution under different external disruptions and institutional settings. Mantese & Amaral 
(2017, 2018) used an ABM to study ISN indicators. Bichraoui et al. (2013) explored several 
scenarios of cooperation and learning in the context of ISNs. Albino et al. (2016) explored the 
role of contracts. These papers all touch upon ISN implementation stages 2, 4 and 5, excluding 
the awareness and negotiation stages. Zheng & Jia (2017) explored opportunities for closing 
loops by using innovation diffusion theory in their model. This work includes the awareness 
stage but excludes negotiation. 
 
Some existing ABMs regarding ISN development include negotiation but exclude other stages 
such as awareness or evaluation. Examples of these studies are the energy system model by 
Batten (2009), the industrial coal system model by Gang et al. (2014), the biogas network 
model of Yazan et al. (2018), the strategic cooperation model by Yazan et al. (2020), and the 
model of the construction material recycling network by Knoeri et al. (2014). 
 
3.2.3 Actor behaviour 
The behaviour of actors in firms plays an essential role in ISN formation, development and 
survival. Among others, Krueger Jr. et al. (2000) show that representatives of firms that engage 
in industrial symbiosis act as entrepreneurs and tend to behave in a planned and informed 
way. The Theory of Planned Behaviour (TPB) proposes a model that describes how individual 
actors can make informed decisions (Ajzen, 1991). In TPB, actors show a behaviour which is 
described by three variables: the Attitude (abbreviated as A), the belief of other actors’ 
approval called the Subjective Norm (SN), and the perception of being able to implement their 
intentions, the Perceived Behavioural Control (PBC). According to Ajzen (1991), the 
Behavioural Intention (BI) of an actor encapsulates PBC, A and SN. In addition, BI is an indicator 
of behavioural performance (B) if the behaviour can be decided as planned (Ajzen, 1991). TPB 
is regarded as a significant predictor of entrepreneurial intentions and behaviour (Iakovleva & 
Kolvereid, 2009; Kautonen et al., 2013) and has been used in many studies to clarify this 
behaviour (e.g., Iakovleva & Kolvereid, 2009; van Asselt et al., 2012). It is also used to study 
the firm’s efforts to take environmental measures (Sánchez-Medina et al., 2014) and explore 
its readiness towards the circular economy (M. P. Singh et al., 2017). Ghali et al. (2017) show 
that TPB can be used to model the development of self-organised industrial symbiosis as 
randomly pre-defined synergies between pairs of actors. 
 
3.2.4 Knowledge gap, study objectives and contribution 
Interest in the effect of actor behaviour on the ISN evolution is growing among ISN 
practitioners and researchers. Echoing the recommendations in research by Ghali et al. (2017), 
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there is a need for comprehensive models that enable us to study ISN dynamics and failure 
mechanisms from behavioural and contextual perspectives. 
 
Our study brings together theory from behavioural sciences and industrial symbiosis into an 
agent-based model (ABM). Since ISNs involve real-world stakeholders, the ABM is grounded 
on literature findings and discussions with stakeholders in our case studies to increase the 
realism and verifiability of the model narrative, the chosen variables, and inputs. Thus, we 
show how an agent-based modelling and simulation approach allows us to study the effect of 
behaviour across all ISN implementation stages of Tao et al. (2019). 
 
3.3 Conceptualising a Model Using Case Studies 
We executed three in-depth case studies with stakeholders in ISNs in Amsterdam, the 
Netherlands. Each case involves the exchange and processing of organic waste within 
collectives of companies. Organic waste treatment is particularly interesting for our study 
since it entails a changing seasonal supply quantity, physical degradation of the waste, and a 
heterogeneous chemical composition. It all imposes a dynamic supply in terms of quantity and 
suitability for the transformation process from waste to product. The participants wanted to 
know how their waste could be turned into valuable resources in each initiative. They also 
wanted to know to what extent the behaviour of potential partners in the ISN would increase 
or decrease the robustness of the ISN.  
 
The first case involves a large-scale symbiosis network of around 700 hectares of agricultural 
area, situated directly in the polders on the outskirts of Amsterdam. The participating 
companies consist of 16 firms, such as small-scale arable farmers, livestock farmers, fruit 
growers, gardeners, allotment gardens, hospitality businesses, and offices in a nearby 
business park. Companies in the area maintain the publicly owned land. Annually, thousands 
of tonnes of organic material, mainly grass, reed and leaves, are removed from the area as 
waste. The companies are members of a business association which aims for sustainable 
entrepreneurship. Some prominent members of the association set up a composting 
collective when we performed our research. Since then, the collective has allowed for the 
storage and processing of 600 m3 of organic materials (Mulder et al., 2018).  
 
The second case involves a small-scale urban agriculture area focusing on sustainable food 
production and recreation. The area is situated in a former sports park area on the north side 
of Amsterdam. Along with other firms, small scale hospitality businesses, urban farmers, a 
beer brewer, a consultancy firm, a beekeeper, a carpenter, and a daycare centre are in the 
area. The firms are part of a foundation that aims to exemplify circular economy practices. In 
the area, tons of organic materials, consisting mainly of leafy greens, pruning residuals, and 
brewers’ grains, leave the area yearly. Some small compost heaps have been set up to handle 
these residual streams and produce soil improvement material for their own use (Mulder et 
al., 2018).  
 
The third case involves a business park in the former wharf area on the north side of 
Amsterdam’s waterfront, the IJ. A foundation represents a few hundreds of SMEs in the 
creative and hospitality industry in the area. A smaller number of companies is also 
represented by an energy cooperation, aiming for local and renewable energy production. A 
few years ago, the foundation performed a study to explore the possibilities of setting up a 
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network for anaerobic digestion (or biodigestion) to process the organic residuals into biogas. 
However, the biogas network never took off. The involved participants considered the 
network too small to establish a robust network (Mulder et al., 2020).  
 
In all cases, we gathered information about waste streams, needs and motivations through 
stakeholder interviews. In the first two case studies, we developed a serious game in which 
stakeholders played their own role in the network and in which they had to set up new ways 
of connecting residual waste streams with their needs. We used the game and interview data 
to create the model narrative, describing how stakeholder awareness was raised, how 
possible synergies were planned, how negotiations took place, how deals were closed, and 
how the synergy was implemented (Mulder et al., 2018). The game was also used to cross-
check the interview data (for example, demand and supply), which was used to parameterize 
the simulation. We iteratively conceptualized, formalized, implemented, and verified the 
model using the participatory method proposed in earlier work (Lange et al., 2017). In addition 
to the case study data, we used literature regarding the ISN implementation stages, bilateral 
negotiation tactics and planned behaviour to set up the model narrative, which was calibrated 
with stakeholders, market experts and peers in participatory workshops and interviews. Data 
from the first case study was used to define the moderating variables for this chapter’s 
experiments regarding TPB.  
 
3.4 Model  
This section briefly presents our conceptual model and the agent-based model. An extensive 
description using the ODD protocol by Grimm et al. (2020), including source codes, flowcharts, 
input data, results, and analysis information, can be found in the repository, see appendix C 
(Lange, Korevaar, Nikolic, et al., 2021a). 
 
3.4.1 Conceptual model 
Figure 3-1 shows an overview of the conceptual model and how it is related to the ISN 
implementation stages as proposed by Tao et al. (2019).  
 
The case studies involved local exchanges and processing instead of bringing the waste to a 
centralised incinerator. Hence, three types of social agents are implemented in the model: the 
waste suppliers (WS), the local waste processor (WP) and the external waste incinerator (WI). 
The social agents interact during (de-)implementation of symbiosis.  
The awareness stage consists of waste created by the suppliers and the determination of the 
value of the waste. The planning stage comprises composting and selling compost by the 
waste processor. The suppliers that already have a contract with the local processor deliver 
the waste according to the contract. A critical restriction in the model is the maximum capacity 
of the local processor, which may, for example, be imposed by a hygiene policy. If the 
processor is not full yet, the waste processor agent invites supplier agents to negotiate a new 
contract. If an agreement is concluded, this new contract directly results in waste exchanges 
between the waste supplier and the processor during the implementation stage. Another 
essential factor is waste quality, in our model defined as “the fitness to process the waste”. 
Only if the waste quality is high enough the processor agent decides to use the waste for 
composting. In the final stage, evaluation, the waste supplier agents and the processor agent 
evaluate the outcomes and update their technical and behavioural parameters. 
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Appendices 

The appendices can be found on: http://repository.tudelft.nl/. 
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